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Abstract

A search for Supersymmetric particles was performed using the data collected in 1999 and 2000
by the OPAL detector at the LEP2 e*e™ collider. The centre-of-mass energies ranged from 192 GeV to
209 GeV, and the data analyzed correspond to an integrated luminosity of 432 pb_l. Supersymmetric
models permit a large number of different experimental final states which should all be investigated.
The search presented here is sensitive to final states with photons plus additional detector activ-
ity with missing energy. These topologies are characteristic of events expected in Gauge-Mediated
Supersymmetry Breaking (GMSB) models. No significant evidence for their existence is observed. Fi-
nally, using various search results at centre-of-mass energy of 189 GeV, constraints on the parameters
have been given within the framework of the minimal GMSB model.
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Preface

The LEP accelerator is an electron-positron storage ring, which is the largest e*e™ collider in the
world. From 1989 to 1995, LEP was operated at centre-of-mass (cms) energies near 91 GeV to make
precision measurements at the electroweak scale. In the next phase called LEP1.5, LEP was running
at cms energies of 131-136 GeV. LEP was then operated at energies above the W W~ production
threshold (LEP2) from 1996. LEP increased its cms energy step by step and it reached the maximum
cms energy of 209 GeV. Before LEP was shut down in November 2000, data corresponding to an
integrated luminosity of 700 pb~! were collected at high energies (LEP1.5-LEP2). LEP offered a mar-
velous experimental environment, i.e. clean data, high energies and large amount of luminosities for
new particle searches.

The Standard Model has been extremely successful in describing a wide variety of measurements
in particle physics. The Standard Model does, however, still have unresolved puzzles. It is natural to
consider the Standard Model as a low-energy effective model of a more fundamental theory.
Supersymmetry is one of the most promising theories, which can describe the physics beyond the
electroweak scale. In order to verify Supersymmetry, at least one new particle predicted in the the-
ory must be discovered. The particle would be massive enough to have escaped previous detection.
In spite of extensive studies for Supersymmetry, no indication has been observed experimentally. Do
Supersymmetric particles exist? Are Supersymmetric particles much heavier? Or does Supersym-
metry offer special event topologies which have not ever been studied?

At the Tevatron collider experiment, an event of eeyy with missing energy was observed, which
is difficult to explain within the Standard Model. This event can be interpreted with GMSB models.
Moreover, GMSB scenarios are also favored theoretically, because of its high predictability and ad-
vantage of suppressing the flavor changing neutral current (FCNC) processes.

I studied topologies of “photon plus X (jets or leptons) with missing energy” using the data collected
with the OPAL detector at LEP. These topologies are specific to the GMSB models and they have not
been fully studied so far. Although such a new particle has not been discovered in my analysis, the
result is helpful for searches at the future hadron collider and linear collider experiments. I hope that
we discover an indication of new phenomena in the near future.
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Chapter 1

Introduction

The Standard Model of particle physics, which describes the strong, weak and electromagnetic in-
teractions of particles, has been very successful in accounting for a wide variety of experimental
measurements. However, the Standard Model is considered to be a low energy effective theory of a
more fundamental framework. The framework must be free from several theoretical problems that
occur as soon as one tries to extend the Standard Model to higher energies. Supersymmetry is one of
the most elegant theories that provide such a solid framework.

A successful supersymmetric theory should not only resolve the problems in the Standard Model
but also be constructed reasonably without any inconsistency with the current experimental obser-
vations. One of the most stringent bounds comes from contributions of new particles to the flavor
changing neutral current (FCNC) processes. The Gauge-Mediated Supersymmetry Breaking (GMSB) sce-
nario is one of the solutions, which does not contradict such low-energy constraints. This model
predicts existence of some light new particles, which interact with the Standard Model particles via
weak or electromagnetic couplings and might be produced at LEP energies.

Various production and decay processes of SUSY particles are possible, and they depend on
model parameters. Some topologies are similar to those expected in Gravity-Mediated Supersymme-
try Breaking models (SUGRA), and have been previously studied. It is also attractive to investigate
additional topologies, expected in GMSB scenarios, which have not been considered in the SUGRA
models.

The results presented here are based on the OPAL data collected in 1999 and 2000. The report
is organized as follows: In Chapter 1, a short introduction of Supersymmetry and its motivation are
presented. Chapter2 explains the structure of models with the Gauge-Mediated Supersymmetry
Breaking and also shows an overview of phenomenological aspects and experimental signals moti-
vated by the GMSB scenario. Chapter 3 describes the LEP accelerator and the OPAL detector. Tools
for the analysis, such as basic algorithms and Monte Carlo samples, are described in Chapter 4. Anal-
yses, their results and model-independent upper limits on production cross-sections are presented in
Chapter 5. Chapter 6 gives the theoretical interpretation with the minimal GMSB model. The sum-
mary of this work is given in Chapter 7.

1.1 The Standard Model

1.1.1 Introduction

The Standard Model which describes the electroweak and strong interactions has been extensively
tested for the last 30 years. Even after precise measurements of the electroweak parameters in
electron-positron collisions at the Z° pole, there is not a signal experimental result that contradicts
the Standard Model predictions. A remnant scalar field, the Higgs boson, is the only missing piece



of the Standard Model that still awaits experimental confirmation.

The Standard Model is a quantum field theory which describes the interactions of spin-1/2 point-
like fermions, whose interactions are mediated by spin-1 gauge bosons. The bosons are a conse-
quence of a local gauge invariance applied to the fermion fields and are a manifestation of the sym-
metry group of the theory, i.e., SU(3)c x SU(2)r, x U(1)y.

The fundamental fermions are leptons and quarks. The left-handed states are doublets under the
SU(2)r, group, while the right-handed states are singlets. There are three generations of fermions,
being identical except for masses: the origin of this structure and the breaking of generational sym-
metry (flavor symmetry) are not understood yet. There are three leptons with electric charge -1, the
electron (e), muon (1) and tau lepton (7) and three electrically neutral leptons, the neutrinos v, v,
and v;. Similarly, there are three quarks with electric charge +2/3 , up (u), charm (c) and top (¢), and
three with electric charge -1/3, down (d), strange (s) and bottom (b). The quarks are triplets under
the SU(3)c group and thus carry an additional ‘charge’, referred to as “color”. There is a mixing
between the three generations of quarks parameterized by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix whose origin is not explained by the Standard Model.

The SU(2)r x U(1)y symmetry group, which describes the electroweak interaction, is sponta-
neously broken by the existence of Higgs field(s) with non-zero vacuum expectation value (VEV).
This leads to the emergence of massive vector bosons, the W= and Z°, which mediate the weak in-
teraction, while the photon of electromagnetism remains massless. One physical degree of freedom
remains in the Higgs sector, which should manifest itself as a neutral scalar boson HO, which is yet
to be discovered. The SU(3)c group describes the strong interaction (quantum chromodynamics,
QCD). Eight vector gluons mediate this interaction. They carry color charges themselves, and are
thus self-interacting. This implies that the QCD coupling «; is small for large momentum trans-
fers. This largeness of o, at lower energies leads to the confinement of quarks inside color-neutral
hadrons.

In the simplest version, the Standard Model has 19 parameters. Among them are: the three
coupling constants of the gauge theory SU(3)c x SU(2)r, x U(1)y, three lepton and six quark masses,
the mass of the Z° boson which sets the scale of the weak interaction, and the four parameters which
describe the rotation from the weak to the mass eigenstates of the charge -1/3 quarks (CKM matrix).
All of these parameters are known with an individual experimental error. A C' P-violating parameter
associated with the strong interactions must be very small. The last parameter is associated with the
mechanism responsible for the breakdown of electroweak SU(2);, x U(1)y to U(1)em. This can be
taken as the mass of the Higgs boson. The couplings of the Higgs boson are determined once its mass
is given.

1.1.2 Higgs mechanism and the particle masses in the Standard Model

In order to apply the Higgs mechanism to give masses to W=and 79, let us introduce a scalar doublet

o = (gg) . (L.1)

From the Gell-Mann-Nishijima relation in the weak-isospin space Q = T3 + 1/2Y, we verify that the
weak-hypercharge of the Higgs doublet is Y = 1. We introduce the Lagrangian

Localar = 0,701 — V(01D)
where the potential V is given by
V(®Td) = 12dTd 4+ A (DTd)? (u? < 0,A>0). (1.2)
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In order to maintain the gauge invariance under the SU(2);, ® U(1)y, we have to introduce the
covariant derivative

/

Tt
Op— D= Oy +ig 5 W, +iZY By

We can choose the vacuum expectation value of the Higgs field as,

<02 (yv3)

where

2
7
g _—. 1.
o (13)

Since we want to preserve the exact electromagnetic symmetry to maintain the electric charge con-
served, we must break the original symmetry group as

SU(2); ® U()y — U(1)em,

i.e. after the spontaneous symmetry breaking, the subgroup U(1)em, of dimension 1, should remain
as a symmetry of the vacuum.

In this case the corresponding gauge boson, the photon, will remain massless. We can verify that our
choice of the vacuum is invariant under U (1)ep,. This invariance requires that

€9 < ® >~ (14i0Q) < @ >o=< D >,

or, the operator () annihilates the vacuum, @Q < ® >¢= 0. This is exactly what happens: the electric
charge of the vacuum is zero,

1
Q<d>y = (T3+§Y><q)>0

aELCIRYE OVl Oy B

The other gauge bosons, corresponding to the broken generator 11,15, and (13 —Y/2) = 215 — (@ should
acquire masses. In order to make this explicit, let us parameterize the Higgs doublet as,

o

XP(EX_> ((v + g)/ﬁ)
L<X2+iX1>_ 1< iv2uwt >7

22\ 2H —ix3 V2 \v+ H —i2°

~ < b >p+ =
0 \/E
where wT and z° are the Goldstone bosons.

Now, if we make a SU(2);, gauge transformation with a; = x;/v (unitary gauge), the fields

become ‘
LRV
@:@’:exp<—z‘7—&>¢>:w(0) , (1.4)
2 v V2 1
and the scalar Lagrangian can be written in terms of these new fields as
P (v+H) (0] (v+H)? (v+ H)*
Lscalar = ‘ <6M + ZQEW;L + 7«§YBM> T <1> — ,u2 5 - 1 . (15)




In term of the physical fields W* and Z° the first term of Eq.(1.5), that contain the vector bosons, is

‘(@Jﬁ/\/ﬁ) T+ H) ((1/ﬁvzgsew>zﬂ)

2
= 30, HO"H

+%(U + H)2 (WJW# + 200512 Ow ZMZM) ’
(1.6)

where 6y is called the Weinberg angle which represents the mixing of the neutral fields in U(1)y and
SU(2)r,.

The quadratic terms in the vector fields are,

2,2 2,2
guT g“v
— W WHy —=———-—7,7".
4 H + 8cos2 Oy M
When compared with the usual mass terms for a charged and neutral vector bosons,
MWW= 1 S M2 7,20
wWy ToMzLust

we can easily identify
gu gv My
My ==, z= = :
2 2cosby  cosOy

We can see from Eq.(1.6) that no quadratic term in A, appears, and therefore, the photon remains
massless, as we can expect since the U (1), remains as a symmetry of the theory.

Taking into account the low-energy phenomenology via the relation g/2v/2 = (M3 Gr/v/2)'/?, we
obtain the vacuum expectation value as

v = (\/EGF)I/2 ~ 246GeV .

The Standard Model predictions for the W+ and Z° masses are

e? 9 T o ( 37.2
= N v = " VT~
4sin? Oy sin® Oy

M§0~<

where we assumed an experimental value for sin? Oy ~ 0.22.

2
Ms GeV) ~ (80GeV)?,

Sin2 (9W
37.2

2
. ofe - 2
R —— GeV) (90GeV)?,

We can learn from Eq.(1.5) that one scalar boson, out of the four degrees of freedom introduced in
Eq.(1.1), is the remnant of the symmetry breaking. Search for the Higgs boson remains as one of the
major challenges in collider experiments. The second term of Eq.(1.5) gives rise to terms involving
exclusively the scalar field H, namely,

1 1 4 1
—(=2uPYH? + ~* 2(—H3 —H4—1>. 1.7
5 (Z2U)H” + it 5 H + (1.7)

In Eq.(1.7) we can also identify the Higgs boson mass term with

My = \/ —2M27 (18)

and the self-interactions of the Higgs field. In spite of predicting the existence of the Higgs boson,
the Standard Model does not give a hint on the value of its mass since x? is unknown.



Lepton mass

Note that the charged lepton is still massless, since
Mt = Mg(ZRKL + ELER)

mixes L and R components and breaks gauge invariance. A way to give mass in a gauge invariant
way is via the Yukawa coupling of the leptons with the Higgs field (Eq.(1.4)) , that is,

Liy = —G(R(®'L)+ (LP)R]
_ (v+H)[; v, 5[0
= -Gy \/§ |:€R(0 1)<€L) +(VL EL)<1)£R:|
Gyu - Gy -
= ——= 0 — —UlH. 1.9
N A (1.9)
Thus, we can identify the charged lepton mass,
Gyv
My =—. 1.10
t=7 (1.10)

We notice that this procedure is able to generate a mass term for the fermion in a gauge invariant way.
However, it does not specify the lepton mass since the Yukawa constant G, introduced in Eq.(1.9) is
arbitrary.

As a consequence, we obtain the Higgs-lepton coupling with a strength

M,
Cam=—"> (1.11)

which is a precise prediction of the Standard Model to be checked experimentally.

Quark mass

In order to generate masses for both of the up (U; = u, c and t) and down (D; = d, s and t) quarks,
we need a Higgs doublet with Y = —1. Defining the conjugate doublet Higgs as

P = gy ®* = (f;_) : (1.12)

we can write the Yukawa Lagrangian for three generations of quarks as,

3

‘Cguk: o Z

=1

GijRu, (L) + Gf?RDi@TLj)} +hec.. (1.13)
From the vacuum expectation value of ® and ® doublets, we obtain the mass terms for the up

ul
(u’,c’,t’)R/\/lU (c’) + h.c.,
t I

and down quarks

d/
(d, s, ) zMP (s') + h.c.,



with non-diagonal matrices MZ(D) = (v/ \/ﬁ)GZ(D).

The weak eigenstates (¢') are linear superposition of the mass eigenstates (¢) given by unitary

transformations:
u U d d
d = UL,R Cc ) s = DL,R S )
t L,R t/ LR v L,R b LR

where U (D), g are unitary matrices to preserve the form of the kinetic terms of the quarks. These
matrices diagonalize the mass matrices, i.e.,

m, O 0
U MU= 0 m. 0 |,

0 0 my
mq 0 0
Dg*MPDr=10 ms 0 |.
0 0 my

The (V — A) charged weak current for three generations will be proportional to
o d - d
(U/,C’,t/)L’y“ S, = (U, C,t)L(U}EDL)’Y# S
v/ L b/ L
with the generation mixing of the mass eigenstates (¢) described by:
V= (UDp).

On the other hand, for the neutral current of the quarks, now becomes,

/

u
(W', ) (c’) = (u,c,t)L(UzUL)'yu (c) .
t/ L t L

We can notice that there is no mixing in the neutral sector (FCNC) since the matrix Uy, is unitary:
Ulu, =1.

The quark mixing, by convention, is restricted to the down quarks, that is with 73§ = —1/2,

d d
s’ =V s )
v/ b/
V is the Cabbibo-Kobayashi-Maskawa matrix, that can be parameterized as

V = Ri(023)R2(013013) R3(012),

where R;(0;,) are rotation matrices around the axis 7, the angle 6, describes the mixing of the gen-
erations j and £, and d;3 is a phase.

We should notice that, for three generations, it is not always possible to choose the V matrix to
be real, that is ;35 = 0, and therefore the weak interaction can violate CP and T'.
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Figure 1.1: The Standard Model fit to experimental data with respect to the Higgs mass. The shaded
region is excluded by the direct search.

The Cabbibo-Kobayashi-Maskawa matrix can be written as

c12€13 512€13 size” 18
_ i i
V = | —s12c23 — €12523513€'1®  C12c23 — 512523513€"13 so3c13 |
i i
512823 — C12C23513€"13  —C12893 — $12C23513€"1% c23C13

where s;;(c;j) = sin(cos)f;;. Notice that, in the limit of 23 = 613 — 0, we associate §;2 — 6, Cabbibo

angle, and
cri2 s12 0
V — —S12 C12 0 .
0 0 1

Using unitarity constraint and assuming only three generations the experimental value for the ele-
ments of the matrix V, with 90 % of C.L., can be extracted from weak quark decays and from deep
inelastic neutrino scattering as,

0.219 -0.225 09734 —0.9749  0.037 — 0.043

(0.9742 —0.9757  0.219 — 0.226 0.002 — 0.005 )
V —
0.004 —0.014 0.035 — 0.043  0.9990 — 0.9993

1.2 Beyond the Standard Model

The negative results for direct searches of the Higgs boson have been translated into a lower limit on
its mass of 109.7 GeV (95%C.L.) [1]. Indirect constraints are obtained from the precise measurements
of the Z° lineshape suggesting my = 390 3% GeV [2]. The present situation is depicted in Figure 1.1.
Thus, if the Standard Model Higgs boson exists, its mass should be close to the electroweak scale ~
100 GeV. Moreover, mg has to be less than about 1 TeV to preserve the unitarity of the WHTW~ scat-

tering.



Figure 1.2: 1-loop diagrams contributing to mg correction

Despite the success of the Standard Model in reproducing experimental observations, there are
theoretical problems that occur when one goes to much higher energy scales. A new framework is
necessary at the Planck scale Mp = (SWGNewton)_l/ 2 = 2.4 x 10'"® GeV where quantum gravitational
effects become important. The 16 orders of magnitude between the explored weak scale and the
Planck scale are considered somewhat unnatural. This argument, called hierarchy problem, is based
also on more quantitative facts.

It is very instructive to compute the first order correction to the Higgs mass m g due to a generic
fermion loop (see Figure 1.2). It depends on the fermion-antifermion production probability inte-
grated on all possible values of the momentum £ carried by the fermion in the loop. Since the Higgs
coupling to a fermion f is (y;/v/2)H f f, one finds:

s = ] () ()

d*k 1 2m?
_ 2/ f
Y1) ey [k —mg - m?)Q] |

where k& = Yuk*. A color factor 3 must be multiplied for quarks. The first term of the second line
is quadratically divergent. If no new physics is expected up to the Planck scale, Mpjancx Will be the
cutoff used to “regulate” the integral. A correction on m? results in more than 30 order of magnitude
larger than the mass expected from the Standard Model fit. There is always the possibility to renor-
malize away the bad quadratic term, as for logarithmic divergences is done. If some new physics
appears at a very high scale the new fermions will have masses close to that scale. Even if a bad ul-
traviolet behavior is accepted in the theory, their correction terms proportional to ysm; will be very
large. They must cancel themselves to bring the Higgs mass well below 1 TeV and this is possible
only if the involved parameters undergo to an extreme fine-tuning. This problem is called naturalness
problem when we wish to reconstruct realistic models of the “fundamental physics” beyond the Stan-
dard Model. One possibility to solve this problem is Supersymmetry, which introduces a symmetry
between fermions and bosons to eliminate the quadratic divergence.

It turns out that the new physics must be very close to the present explored scale. In fact, the
small expected value for Higgs yields to a small quadratic coupling constant . Figure 1.4 shows the
evolution of A in the Standard Model. The constant A must be positive to have a stable minimum in
the Higgs potential. In case of the Standard Model, the Higgs boson should be lighter than ~ 180
GeV so that A remains perturbative up to the Planck scale. Some new particles alter the A running,
and the upper limit on the Higgs mass is reduced to be ~ 170 GeV within the minimal SUGRA.
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Figure 1.3: 1-loop diagram contributing to m, correction.

The 1-loop correction Am, to the electron mass due to a photon emission can be computed for
comparison. As in the previous case, according to the diagram in Figure 1.3, one finds:

d*k . i o —ig"
Am, = /W(—w%)m(—ze%)T
d*k 1
= —4¢? e/
e | Gra k(2 —m2)’

where ¢g"” is the standard Lorenz metric tensor. The integral has a logarithmic divergence in the
ultraviolet but the m, correction is proportional to m, itself. Even if Mpjanck is used to cut-off the
divergence a small correction turns out;

M Planck
Me

Am, ~ 4e*m, log ~ 0.24m, . (1.14)

In the limit m, — 0 the model becomes invariant under chiral rotations and the correction van-
ishes; in other words, the chiral symmetry protects the electron mass against divergences (like any
fermion mass as well). Similarly the gauge invariance prevents gauge bosons from having dangerous
divergences.

The message of this short description about the weak points of the Standard Model is: some new
physics just < 1 TeV is necessary and reasonable.

1.3 Supersymmetry

1.3.1 Introduction

In the Standard Model, the Higgs potential is given by
V = W2H2 4+ A H,

where v =< H >2= —;2/2\ = (176GeV)?. Because a perturbative unitarity requires that A < 1,
—u? is of the order of (100 GeV)?. However, the mass squared parameter p? of the Higgs doublet
receives a quadratically divergent contribution from its self-energy corrections. Main contribution
comes from a pair of top quarks;

2 yt2 2
Apg = =65 A »
where A.g is the cutoff energy for top quark momentum, and y; ~ 1 is the top quark Yukawa cou-

pling.
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Figure 1.4: Quadratic coupling constant running for different values of the Higgs mass in GeV. The
evolutions of \ start from several initial conditions that set the Higgs mass at the scale u = \/2v = 246
GeV.

The motivation for Supersymmetry[7] [8][9] is to make the Standard Model applicable to much
higher energies so that we can hope that answers to many puzzles in the Standard Model can be
given by physics at higher energy scales. To this purpose, Supersymmetry doubles the degrees of
freedom with an explicitly broken new symmetry. The top quark would have a superpartner, stop,
whose loop diagram gives another contribution to the Higgs boson self energy

At = +6- 5 0%

The leading pieces in A g cancel between the top and stop contributions, and one obtains the correc-

tion ) A2
Ape + A = —6-2 (m2 — m?) log <
t

472

One important things is that the mass of the stop m; is unknown. In order for the Ap? to be the
same order of magnitude as the tree-level value w? = —2Xv?, we need m; to be not too far above the
electroweak scale. Similar arguments apply to masses of other superpartners that couple directly to
the Higgs doublet. This is the so-called naturalness constraint on the superparticle masses (for more
quantitative discussions, see [3]).

1.3.2 Supersymmetric Lagrangian

Supersymmetry is a symmetry between bosons and fermions, and hence relates particles with differ-
ent spins. All particles in supersymmetric theories fall into supermultiplets, which have both bosonic
and fermionic components. There are two types of supermultiplets which appear in renormalizable
tield theories; chiral and vector supermultiplets.

Chiral supermultiplets are often denoted by the symbol ¢, regarded as a short-hand notation for
the three fields: a complex scalar field A, a Weyl fermion 1;27§¢, and a non-dynamical (auxiliary)

12



complex field F. Lagrangians for chiral supermultiplets consist of two parts, Kéhler potential and
superpotential. The Kéhler potential is nothing but kinetic terms for the fields, usually written with
a short-hand notation [ d*6¢*¢, which can be explicitly written down as

Lo / d0676; = 0, A10" A, + Byin" i + FIF (1.15)

Note that the field F' does not have derivatives in the Lagrangian and hence is not a propagating
tield. One can solve for F; explicitly and eliminate it from the Lagrangian completely.

The superpotential is defined by a superfield W (¢) of the chiral supermultiplets ¢;. A short-hand
notation [ d>0W () gives the following terms in the Lagrangian,
1w
20¢;00;

The first term describes Yukawa couplings between fermionic and bosonic components of the chiral
supermultiplets. Using both Egs.(1.15, 1.16), we can solve for F' and find

oW
!+ F;. 1.16
B=A, vy 09i |, 4, (116

Lo 7/‘ 20W (§) =

ow

F=— . 1.17
0 di=A; ( )
Substituting it back to the Lagrangian, we eliminate F' and instead find a potential term
oW |2
LD —Vp=— . (1.18
D $i=A; )

Vector supermultiplets W, (« is a spinor index), which are supersymmetric generalization of the
gauge fields, consist also of three components, a Weyl fermion (gaugino) ), a vector (gauge) field 4,,
and a non-dynamical (auxiliary) real scalar field D, all in an adjoint representation of the gauge group
with an index a. A short-hand notation of their kinetic terms is

1 . 1
LD / d2OWIW e = —ZFW + X4%DX + 5DaDa. (1.19)

Note that the field D does not have derivatives in the Lagrangian and hence is not a propagating
field. One can solve for D explicitly and eliminate it from the Lagrangian completely.

Since the vector supermultiplets contain gauge fields, chiral supermultiplets which transform
non-trivially under the gauge group should also couple to the vector multiplets to make the La-
grangian gauge invariant. This requires the modification of the Kéhler potential [ d*0¢*¢ to [ d*0¢Te?9V ¢,
where V' is another short-hand notation of the vector multiplet. Then the kinetic terms in Eq.(1.15)
are then modified to

= / d4061e2V ¢, = D, ATDFA; + din Dty + FI By — /2g(ATTOA) — gAITODA.  (1.20)

Using Egs.(1.19, 1.20), one can solve for D® and eliminate it from the Lagrangian, finding a potential
term

2
LD —Vp= —%(ATT“A)Q. (1.21)

General supersymmetric Lagrangians are given by Egs. (1.18,1.20,1.21).

Although we do not go into formal discussions of supersymmetric field theories, one important
theorem must be quoted: the non-renormalization theorem of the superpotential. Under the renor-
malization of the theories, the superpotential does not receive renormalization at all orders in the
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perturbation theory.

A very simple example of superpotential is mentioned here. Consider two chiral supermultiplets
¢1 and ¢, with a superpotential

Following the above prescription, the fermionic components have the Lagrangian
1 0*W
D -
200;00;

while the scalar potential term Eq.(1.18) gives

YT = —mapyabs, (1.23)

oW |?

| 9¢;

Obviously, the terms Eqs.(1.23, 1.24) are mass terms for the fermionic (Dirac fermion) and scalar
components (two complex scalars) of the chiral supermultiplets, with the same mass m. In general,
fermionic and bosonic components in the same supermultiplets are degenerate in supersymmetric
theories.

LD = —m2|A1\2 — m2|A2|2. (1.24)

Pi=A;

1.3.3 Soft Supersymmetry Breaking

The supersymmetric Lagrangian always gives degenerate bosons and fermions. In the real world,
such degenerate particles have not been observed. Therefore, Supersymmetry must be broken. In
the low-energy effective theories, however, terms can just be added to supersymmetric Lagrangians
which break supersymmetry explicitly. The important constraint is that such explicit breaking terms
should not spoil the motivation, namely to keep the Higgs mass-squared only logarithmically diver-
gent. Such explicit breaking terms of Supersymmetry are called “soft” breakings.

Possible soft breaking terms are classified. In a theory with a renormalizable superpotential

1 1
W= Eﬂijqf?icf)j + EAijkﬁbid)jd)k ; (1.25)
the possible soft supersymmetry breaking terms have the following forms:

. 1 1

7’I’L7,2]14Z Aj, MAA, ibijiuiinAj’ éaijkAijkAiAjAk . (126)
The first one is the masses for scalar components in the chiral supermultiplets, which remove de-
generacy between the scalar and spinor components. The next one is the masses for gauginos which
remove degeneracy between gauginos and gauge bosons. Finally, the last two ones are usually called

bilinear and trilinear soft breaking terms with parameters b;; and a;;;, with mass dimension one.

In principle, any terms with couplings with positive mass dimensions are candidates of soft su-
persymmetry breaking terms. Possibilities in theories without gauge singlets are

iy, ATAAR, . (1.27)

Obviously, the first term is possible only in theories with multiplets with vector-like gauge quantum
numbers, and the last term with chiral supermultiplets in the adjoint representation. In the presence
of gauge singlet chiral supermultiplets, however, such terms cause power divergences and instabil-
ities, and hence are not soft in general. Without any gauge singlet, first two terms in Eq.(1.27) are
allowed, while terms in Eq.(1.26) can also induce divergences in the presence of light gauge singlets
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and heavy multiplets.

The coupling of the Higgs doublet chiral supermultiplet H to left-handed @ and right-handed T'
chiral supermultiplets, is given by the superpotential term

W = 4.QTH,. (1.28)

This superpotential term gives rise to terms in the Lagrangian
L =—y,QTH, — y?|Q*|Hu|? — vi|T|?| Hu|? — m3|Q|? — myp|T|? — yi AQT H 1.29
Y+ Q u— Yt | Q| Hyl yi|T|"| Hy| mQ|Q| mr|T| yAQTH, , (1.29)

where mé, m2T and A; are soft parameters. Note that the field @) and 7" are spinors, and Q, T and
H,, are scalar components of the chiral supermultiplets. This explicit Lagrangian allows us to easily
work out the one-loop self-energy diagrams for the Higgs doublet H,, after shifting the field H,
around its vacuum expectation value (this also generates mass terms for the top quark and the scalars
which have to be consistently included). The diagram with top quark loop from the first term in
Eq.(1.29) is quadratically divergent (negative). The contractions of Q) or 1" in the next two terms
also generate (positive) contributions to the Higgs self-energy. In the absence of soft parameters
m2Q = m?% = 0, these two contributions precisely cancel with each other, consistent with the non-
renormalization theorem which states that no mass terms (superpotential terms) can be generated by
renormalizations. However, the explicit breaking terms m? and m7. make the cancellation inexact.

With a simplifying assumption m% = m3. = m?, one can find

- A2
om2y — — Y2100 Ao (1.30)
m

Here, A is the ultraviolet cutoff of the one-loop diagrams. Therefore, these mass-squared parame-
ters are indeed “soft” in a sense that they do not produce power divergences. Similarly, the diagrams
with two y: A; couplings with scalar top loop produce only a logarithmic divergent contribution.

1.4 The Minimal Supersymmetric Standard Model

As mentioned in the previous section, Supersymmetry is explicitly broken while retaining the ab-
sence of power divergences. Now the Standard Model is promoted to a supersymmetric theory.
The minimal Supersymmetric Standard Model (MSSM) is a supersymmetric version of the Standard
Model with the minimal particle content.

1.4.1 Particle Contents

All fields in the Standard Model are promoted to appropriate supermultiplets. This is obvious for the
gauge bosons: they all become vector multiplets. For the quarks and leptons, left-handed and right-
handed fields are taken in the Standard Model. In order to promote them to chiral supermultiplets,
however, all fields should be made left-handed Weyl spinors. This can be done by charge-conjugating
all right-handed fields. Therefore, when supermultiplets of the right-handed down quark is referred,
supermultiplets whose left-handed spinor components are the left-handed anti-down quark fields
are taken. As for the Higgs bosons, the fields in the Standard Model can be embedded into a chiral
supermultiplet H,,. It can couple to the up-type quarks and generate their masses upon the symmetry
breaking. In order to generate down-type quark masses, however,

= (1) = (1) 0
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is normally used. This does not work in a supersymmetric fashion because the superpotential is not
allowed to take a complex conjugation of this sort. Therefore, another chiral supermultiplet /; which
has the same gauge quantum numbers of ioo H* should be introduced. The chiral supermultiplets in
the minimal case are listed in Table 1.4.1.

The particles in the MSSM are as follows. First of all, all quarks, leptons are called just in the
same way as in the Standard Model, namely electron, electron-neutrino, muon, muon-neutrino, tau,
tau-neutrino, up, down, strange, charm, bottom, and top. Their superpartners, which have spin
0, are named with “s” at the beginning, which stands for “scalar”. They are denoted by the same
symbols as their fermionic counterparts with the tilde. Therefore, the superpartner of the electron
is called “selectron”, and written as €. Superpartners of quarks are “squarks”, and those of leptons
are “sleptons”. The Higgs doublets are denoted by capital H, but their physicaNI degrees~ of freech)m
are hY, H°, A% and H*. Their superpartners are called “higgsinos”, written as H), H,", H;, and H).
In general, fermionic superpartners of the bosons in the Standard Model have “ino” at the end of
the name. Spin 1/2 superpartners of the gauge bosons are “gauginos”, and for each gauge groups:
gluino for gluon, wino for W, bino for the U(1)y gauge boson B. As a result of the electroweak
symmetry breaking all neutral “inos”, namely two neutral higgsinos, the neutral wino W3 and the
bino B mix with one another to form four Majorana fermions. They are called “neutralinos” X? for
i = 1,2,3,4. Similarly, the charged higgsinos If[;L , ITI;, and charged winos W‘, W+ mix and form
two massive Dirac fermions “charginos” X for i=1,2. All particles with tilde do not exist in the
non-supersymmetric Standard Model.

Li(1,2)7 Y2 Ly1,2)" Y2  Ls(1,2) 12
Ey(1,1)*t Er(1,1)+! Es(1,1)+
Q:1B32Y5 32V Qs(3,2)'°
U;(3,1)72/3  Uy(3,1)72/3 Us(3,1)~2/3
Dl(3’1)+1/3 D2(3’1)+1/3 D3(3,1)+1/3
Hu (1’2)+1 2
Hy(1,2)71/2

Table 1.1: The chiral supermultiplets in the Minimal Standard Supersymmetry Model. The numbers
in the bold face refer to SU(3)c, SU(2)r, representations. The superscripts are hypercharge.

1.4.2 Superpotential

The SU(3)c x SU(2)r, x U(1)y gauge invariance allows the following terms in the superpotential
W =

NJQiU;Hy + N QiDjHy + N9 L EjHy + puH, Hy

> ‘ y 1.32
FNIRU D Dy 4+ Ni*Qi Dy Ly + NV LB Ly + p LiH,, - (1.32)

The first three terms correspond to the Yukawa couplings in the Standard Model (with exactly the
same number of parameters). The subscripts i,j,k are generation indices. The parameter x has mass
dimension one and gives a supersymmetric mass to both fermionic and bosonic components of the
chiral supermultiplets H,, and H,. The terms in the second line of Eq.(1.32) are in general problematic
as they break the baryon (B) and lepton (L) numbers.

If the superpotential contains both B-and L-violating terms, such as X,/ *?U1 D1 D, and N}*'Q1 D, L1,
one can exchange Dy = 5 to generate a four-fermion operator

V112 /121
- mzd_(uRdR)(QlLﬂ, (1.33)

S
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where the spinor indices are contracted in each parentheses and the color indices by the epsilon
tensor. Such an operator would contribute to the proton decay process p — en” at a rate I' ~
N 4mg /m%, and hence the partial lifetime of the order of

41
F.

Tp ~ 6 X 10" Bsec ( ms >

1.34
1Te ( )

Unless the coupling constants are extremely small, this is clearly a disaster because the experimental
limit on the proton partial lifetime in this mode is 7, > 1.6 x 1033 [45].

1.4.3 R-parity

To avoid the problem of too-rapid proton decay, a common assumption is a discrete symmetry called
R-parity. The R-parity is given by
Ry = (—1)»+305+L (1.35)

where s is the spin of the particle. Under R,, all the Standard Model particles, namely quarks, leptons,
gauge bosons, and Higgs bosons, carry even parity, while their superpartners carry odd parity due
to the (—1)2 factor. Once this symmetry is imposed, all terms in the second line of Eq.(1.32) will be
forbidden, and a dangerous operator such as that in Eq.(1.33) is not generated.

One immediate consequence of the conserved R-parity is that the lightest particle with odd R-
parity, i.e., the Lightest Superparticle (LSP), is stable. Another consequence is that one can produce
(or annihilate) superparticles only pairwise. These two points have important implications on the
collider phenomenology and cosmology.

1.4.4 Soft Supersymmetry Breaking Terms

In addition to the integrations that arise from the superpotential Eq.(1.32), soft supersymmetry break-
ing terms should be added to the Lagrangian. Following the general classification in Eq.(1.26), and
assuming the R-parity conservation, they are given by

Loott = L1+ Lo, (136)
El = —mé”@f@i - mé”ﬁl*ﬁ] - m%”[):‘f)]

—m? L Ly — mig! B By — miy [Huf® — mi, | Hal®
Ly = —Ag)\gQZU]Hu — Afi]AngD]Hd — AZJA?QZU]Hd + BuH,H; + c.c.

The mass-squared parameters for scalar quarks (squarks) and scalar leptons (sleptons) are all three-
by-three hermitian matrices, while the trilinear couplings A and the bilinear coupling B of mass
dimension one are general complex numbers.

1.5 Experimental facts supporting Supersymmetry

1.5.1 Grand Unification

From the precise measurements of the gauge couplings performed by LEP [10], one interesting possi-
bility is that the gauge couplings in the Standard Model SU(3)c x SU(2)r, x U(1)y may be embedded
into a simple gauge group, such as SU(5) or SO(10), at some high energy scale, called grand unifi-
cation. The gauge coupling constants at the energy scale y ~ my are approximately a;* = 129,
sin? Oy ~ 0.232, and a3 = 0.119. In the SU(5) normalization, the U(1) coupling constant is given by

a1 = 30’ = Sa/ cos? Oyy. It turns out that the gauge coupling constants become equal at 1 ~ 2 x 10'6
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GeV if the MSSM particle content with mass <~ 1 TeV is given (Figure 1.5). On the other hand, the
three gauge coupling constants miss each other quite badly with the Standard Model particle con-
tent. Such a grand unification is realized by a supersymmetric theory with superpartners near the
electroweak scale. This remarkable fact has been interpreted by many as a strong hint for a super-
symmetric grand unified theory (SUSY GUT), especially since many theories beyond the Standard
Model, the composite and technicolor approaches [11], seem now even more disfavored by the pre-
cise measurements at LEP and SLC.

1.5.2 The Muon Anomalous Magnetic Moment

Leptonic anomalous magnetic value, g, provides precision tests of the Standard Model and stringent
constraints on potential “New Physics” effects. The a,, = (g — 2)/2 is currently about 1000 times less
precise than a., however, it is much more sensitive to “New Physics” effects, since such contributions
are generally proportional to m?. The mi /m? ~ 40,000 enhancement more than compensates for the
reduced experimental precision and makes a,, a more sensitive probe of short-distance phenomena.

For the positive muon, the extraordinary measurements of a, has been made at the Brookhaven
National Laboratory [4]. Combining results at BNL and the earlier CERN results, the difference be-
tween the weighted mean of the experimental results a*P = 11659203 (15) x 10719, and the theoretical
value from the Standard Model, aEM, is

aSP —a™M =43 (16) x 10717, (1.37)

The error is the addition in quadrature of experimental and theoretical errors. The difference is 2.6 0.
In Figure 1.6, the five most recent measurements of a, are shown along with the Standard Model
prediction.

There are many speculative theories which predict deviations from the Standard Model value for
a,. The muon anomalous g value is particularly sensitive to Supersymmetry whose contributions to
a, come from smuon-neutralino and sneutrino-chargino loops (see Figure 1.7). In the limit of large
tan

1 2
1aSUSY | ~ 140 x 10711 (M) tan 3, (1.38)
m
where m represents a typical SUSY particle mass. Giving an interpretation with Supersymmetry,
m ~ 120—400 GeV (tan § = 4—40). (1.39)

Certainly, above experimental results which favor Supersymmetry does not constitute a proof of
SUSY, nor can it serve as a substitute for the direct discovery of a SUSY particle. However, it is clearly
very encouraging and should not be ignored.
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(b)

Figure 1.7: Supersymmetric loops contributing to the muon anomalous magnetic moment; (a) for
sneutrino-chargino loops and (b) for smuon-neutralino loops. They include two chargino and four
neutralino states.
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Chapter 2

Gauge-Mediated Supersymmetry
Breaking

2.1 Structure of models with Gauge-Mediated Supersymmetry Breaking
(GMSB)

One of the most stringent problems for supersymmetric theories is to make flavor-invariant super-
symmetry breaking masses for squarks and sleptons naturally. The flavor-breaking contributions to
the soft terms are very dangerous because they might be inconsistent with experimental results of
FCNC:s. In case of the gravity-mediated theories, there is no obvious reason why the supersymmetry
breaking soft terms for squarks and sleptons should be flavor-invariant.

On the other hand, in GMSB theories, soft terms are generated below the scale Ar, which is the
new physics energy scale with unknown dynamics responsible for the flavor breaking. Therefore
Yukawa couplings are the only relevant sources of the flavor violation, precisely as in the Standard
Model. As a consequence, the GIM mechanism is fully operative and it can be generalized to a
superGIM mechanism, involving ordinary particles and their supersymmetric partners. Since it is
reasonable to expect that A is as large as the GUT or the Planck scales, in the gauge-mediated theo-
ries the flavor problem is naturally decoupled, in contrast to the case of gravity-mediated theories.

The first ingredient of these models is an observable sector which contains the usual quarks, lep-
tons, gauge bosons, and two Higgs doublets, together with their supersymmetric partners. Then the
models contain a sector responsible for the supersymmetry breaking, which is referred to as hidden
sector. The supersymmetry breaking in the hidden sector is transmitted to the observable sector via
a messenger sector. A chiral superfield X belonging to the hidden sector acquires a VEV along its
scalar (S) and auxiliary (/') components:

<X >=8+46°F, (2.1)

and couples at tree level to chiral superfields in the messenger sector, ®; and ®;. The interaction
between ®;, ®; and the chiral superfields X is given by the superpotential term

W =\X0,; . (2.2)

Here it is assumed that only one chiral superfield X. As a consequence, the spinor components of ®;
and ®; form a Dirac mass \;S, while the scalar components have a squared-mass matrix

INS[2 T NF
(A;*F* |\ |2 23)
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with eigenvalues |\;S|? £ |\;F| . As can be seen, S VEV of the chiral superfield X induces the mass of
fermion components of the messenger fields, while its F' VEV generates the mass splitting between
fermionic and bosonic components of the messenger fields. If /" is non-zero, the messenger spectrum
is not supersymmetric,

me = M; for fermion 2.4
f ( ) (2.4)

A
my = M1+ — (for bosons) , (2.5)
M;
where M; = )\;S and A; = F/S. The parameter A/M; sets the scalar for the fractional splitting
between bosons and fermions. To avoid electroweak and color breaking in the messenger sector,
M; > A is required.

The simplest messenger sector is described by Ny flavors of chiral superfields ®;, ®;(i = 1,...., Ny)
transforming the complete GUT multiplets in order to preserve a grand unification. In this case Mgur
is not modified by the presence of messenger fields at an intermediate scale, but the inverse gauge
coupling strength agi; receives an extra contribution:

_ Nm MG
Saghy = — o log % , (2.6)

where NV, is one of theoretical parameters, messenger index and it is given by

Ny
N =) n;. (2.7)
=1

Here n; is the Dynkin index of a gauge representation formed by messenger supermultiplets with
normalization n = 1 for the ®;, ®; pair forming the fundamental representation of SU(N). For ex-
ample, n = 1 for single flavor of 5 + 5, and n = 3 for single flavor of 10 + 10. Index i enumerates
flavors. Eq.(2.6) limits the messenger index. For messenger scale M as low as 100 TeV, perturbativity
of gauge couplings up to the Mgy scale requires N,, to be 5 at most.

Supermultiplets at observable sector degenerate at the tree level, since they do not directly couple
to X. However, splittings arise at the quantum level because of gauge interactions between the
observable and messenger fields. Vector boson and matter fermion masses are protected by the gauge
invariance. On the other hand, gaugino, squark and sleptons can acquire masses consistently, once
supersymmetry is broken. Gaugino masses are generated at one-loop, but squark and slepton masses
can only arise at two-loops, since the exchange of both gauge and messenger particles is necessary.
The corresponding Feynman diagrams are drawn in Figure 2.1.

From direct evaluation of the relevant Feynman diagrams, the supersymmetry breaking gaugino
masses are

i (M .
M, (M) = k™ 4(7r JAe  i=1.2.3 (2.8)
and sfermion masses are
3 2
i (M
mj;(M):zchk(o‘iﬂ )> A2 i=1,2,3 (2.9)
i=1
at the messenger scale M. Here,
F; F;
A¢ = Np—- =, 2.1

o (i) 2.10)
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g(z) = %[(1 +z)log(l+z)] + (x — —x), (2.11)

Ay = NmAZ—Zf<AZ;2> (2.12)
flz) = 1;x{1og(1+z)2Lig<1+x>+%u2<12fxﬂ+(m—>x). (2.13)

In the above formulae, Cif are quadratic Casimir operators of sfermions f: C' = N;];l for the V-
dimensional representation of SU(N), and C' = Y? = (Q — T3)? for the U(1)y factor. Coefficients k;
are normalized so that k;o; are equal at the GUT scale: k1 = g and ks = k3 = 1. Both functions, g(x)
and f(x), are very close to unity for A << M. The function g(z) reaches the maximal value 1.4 at the
limit of # — 1. The function f(x) is approximately equal to 1 for z < 0.8, and reaches the minimum

value 0.7 at the limitof z — 1.

Figure 2.1: Feynman diagram contributing to supersymmetry breaking gaugino (\) and sfermion (f).
The scalar and fermionic components of the messenger field ¢ are denoted by dashed and solid lines,
respectively; ordinary gauge bosons are denoted by wavy lines.

2.2 Phenomenology

It is essential for the studying the phenomenology of GMSB models to know the LSP and the NLSP (Next-
Lightest SuperParticle) as well as the decay width of the NLSP.
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2.21 The lightest SUSY particle

As a result of the spontaneous supersymmetry breaking, the physical spectrum contains a massless
spin 1/2 fermion, the goldstino. When the globally supersymmetric theory is coupled to gravity
and promoted to a locally supersymmetric theory, the goldstino provides the longitudinal modes of
the spin 3/2 partner of the graviton. As a result of this “superhiggs” mechanism, the gravitinol, G,
acquires a supersymmetry breaking mass which is given by

I 0 F ( Z/ F >2
me=——" = Coav——=——— = Coga | ——— | 2.4 eV, 2.14
G V/3Mpiapck S /3 Mpianek &Y\ 100 TeV (2.14)

where Mppnac = (877G N)_l/ 2 = 2.4 x 10'"® GeV is the reduced Planck mass. The parameter Fj is
the total contribution of the supersymmetry breaking VEV of the auxiliary fields. While Fy is the
fundamental scale of the supersymmetry breaking, F' is the scale of the supersymmetry breaking
felt by the messenger particles (the mass splitting inside their supermultiplets). The ratio Cgray =
Fy/F depends on how the supersymmetry breaking is communicated to the messengers. The model-
independent coefficient Cy;,y is always > 1.

2.2.2 The Next-lightest SUSY particle

In a large class of models with low-energy supersymmetry breaking, the NLSP will either be the
lightest neutralino () or the lightest stau (7i°) mass eigenstate?. The stau mixing angle 6; is such

that R ) - i
T\ _ [ costz sinbz)\ /(7
(@) B (—SiDQ; COSO;) <?R) (2.15)

with my < m and 0 < #; < m. The sign of cos §z mainly depends on the sign of y (the superpo-

tential Higgs mass parameter) through the off-diagonal term m,(A,; — ptan ) in the stau (mass)?
matrix. The term p tan 3 typically dominates over the contribution from the soft trilinear scalar cou-
plings A; in GMSB models, because the latter are very small at the messenger scale and the effect
of renormalization group running are usually not very large. For this reason, it is very unlikely that
cancellation between A, and ptan 3 can lead to cosf; ~ 0 in these models, unless the scale of the
supersymmetry breaking is very high. On the other hand, the selectron and smuons also mix exactly
analogously to Eq.(2.15). Their mixings are generally much smaller, with cos 6/ cos 0z ~ y,/y; ~
0.06 and cos 0/ cos 0z ~ y/y, ~ 3 X 10~%. Therefore, in most cases one can just treat the lighter selec-
tron and smuon mass eigenstates as nearly unmixed and degenerate states, & ~ &5 and i ~ [i7.

Assuming R-parity conservation, all supersymmetric particles will cascade to the NLSP. There-
fore, the nature of the NLSP determines the signatures in collider experiments and also some cosmo-
logical properties of gauge mediation.

The correspoinding interaction Lagrangian is

1

L= 2

Jh9.G, (2.16)

where Jg is the supercurrent [6]. This shows how the goldstino interacts with derivative couplings
suppressed by 1/ Fy.

'spin + 3/2 components only couple with gravitational strength and the particle which is relevant to accelerator phe-
nomenology is not gravitino but goldstino. However, gravitino is used as a generic term of goldstino and gravitino.
*In a very restricted region of parameters, the sneutrino can be the NLSP.
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Neutralino NLSP

When the lightest neutralino 9 is the NLSP, Y9 mostly decays into vG if R-parity is conserved. The
neutralino has, in most cases, a dominant B-ino component, since the ratio x/M; is typically larger
than one.

NLSP Y decay rate is expressed by

5
~ Ry >0 K mzo  \° /100 TeV*
NG G) = T < X1 ) ( ) 2% 1073 eV. 2.17
(Xi =6) 167F2C2,, ~ Caray \100 GoV NG % ¢ @17)

If the decays are allowed kinematically, X} can decay into Z%y or h%.

The ratios of decay widths to I'(x) — 7G) are

PG = 2°6) “—Z<1 _ m§°>4, (2.18)
T(X) —=G)  hy m
(30 0/ 2\ 4
< (R 219)
(X} —1G) By m
Ky = | N11 €08 Oy + Nyg sin Oy |? (2.20)
1
kz = |N11 sin Oy — Nia cos 0W|2 + 5\]\713 cos 3 — Niy sinﬂ|2 , (2.21)
Kp = |N1gsina — Ny4 cos oz|2 , (2.22)

where Ny;(i = 1,2,3,4) are the X} components, which correspond to the photino, zino and two
neutral higgsinos in sequence and tan2a = tan 28(m?% 4+ m2,)/(m% — m2,). The decay mode into
photon and gravitino is very likely to dominate. Even if the decay modes into the Z° boson or the
neutral Higgs boson are kinematically allowed, they are suppressed by the 3® phase-space factor. If
XY is mainly B-ino, kz/k, = 0.3 and ky,/ k- is negligible.

Co-sleptons NLSP

The termination of superpartner decay chain depends crucially on the mass differences between
X3, ?ft, and éﬁ (Kﬁ is a generic notation for é:}'% or ﬂfz.) Among the three generations of right-handed
sleptons, Fli is the lightest because of mixing effects proportional to m, in the stau mass matrix.

Here one must distinguish between several qualitatively distinct scenarios. If tan /3 is not too
large, then &% and fi; will not be much heavier than 7", and the decay Z% — (£7%7F and Z% — Y
will not be kinematically open. This case is called slepton co-NLSP scenario, and each of &5, iif; and ;-
may decay according to é’}t% — %G, ﬁﬁ — pEG and 7~'1jE — %G, possibly with a large gravitino mass
3

The NLSP slepton decay rate is

5

_ ~ m2 1 my  \° /100 TeV\*
Il — (@) = L = £ ) ( ) 2x 1073 eV. 2.23
(6= £G) 167F2C2,, cgrav(mo GeV NG 8 ¢ (2.23)

*The three body decay of ZR — v, 7 through off-shell charginos, izi However, these decays are strongly suppressed
by the phase space and because the coupling of £ to £x;" .
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Stau NLSP

For larger values of tan 3, enhanced stau mixing renders 7, lighter than e and fip by more than
m. In this stau NLSP scenario, all supersymmetric decay chains should terminate in 7, — 7G, again

possibly with a large gravitino mass. If the mass ordering is m;, — m, and/or ms, — m, > M3,

then the two-body decays i, — pxX) and/or ep — ex) will be open and will dominate. Even if
Mgo > My —my > Mz +Me, fip and/or € can decay through off-shell neutralinos in three-body

decays, pp — p7r7, and/or ez — er7y. These three-body decays may dominate over two-body
decays, i, — pG and e, — eG. The analytical result for the three-body decay widths of €, and fij,
is reported in [47].

Lifetime

As the gravitino coupling to the NLSP is suppressed by 1/F, the lifetime of the NLSP is proportional
to 2. From the NLSP decay rate, see Eq.(2.17) and 2.23, the average distance traveled by the NLSP
with mass m and produced with energy F is obtained;

1 5/ JFCoay E2
:i< 00GeV> ( Ce ) = —1x10"2  cm, (2.24)
Ky m 100 TeV m2

where x,amma is given in Eq.2.20 for X and it is equal to one for 7i-. Mainly depending on the
unknown value of /FCgray, the NLSP can decay within microscopic distances, inside the detector
or well outside of the detector. The NLSP decay length can generally be divided into three relevant
ranges. The first is prompt decay which can not be resolved as secondary vertices, and therefore
appears to originate from the interaction. Since SUSY particles are produced in pair the signatures are
two hard particles coming from the NLSP decays, significant missing energy carried by a gravitino
pair, and possibly other particles from cascade decays to the NLSPs.

The second range of decay length is macroscopic but within the detector. In this case the particles
arising from the NLSP decay do not necessarily point back to the interaction region. For a neutralino
decay Y9 — ~G this leads to “displaced photons” (Photons not originating from the ete™ interaction
point). For 9 NLSP displaced decay ¥} — Z°G or ) — h°G, secondary vertices arise with decay
products whose invariant mass can be identified with the parent h® or Z° boson. This generally
requires a special analysis to identify high momentum particles which form secondary vertices. In
some cases this can greatly reduce background. For ¢, NLSP displaced decays ¢ — (G inside the
inner tracking region, will yield charged particle tracks which do not point back to the interaction
region. When a non-relativistic slepton traverses at least part of the tracking region before its decay
0 — (G, it gives a highly ionizing track (HIT) with a “kink” to a minimum ionizing track or tau jet.

Observation of a macroscopic decay length for any NLSP type would be a hint for low-scale
supersymmetry breaking. In addition, a measure of the decay length distribution, along with the
superpartner mass and identity, would essentially give a model independent measure of the super-
symmetry breaking scale.

The final range of NLSP decay lengths is well outside the detector. A neutralino NLSP which
decays well outside the detector appears as a missing energy.

A slepton NLSP which traverses the detector is generally not ultra-relativistic and therefore ap-

pears as a HIT. Since sleptons are produced in pairs, the resulting signature is HIT pairs often without
significant missing energy, and possibly with other particles from cascade decays.
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2.3 Search at ete™ colliders

In this report it is assumed that 9 is the NLSP with prompt decaying into 4G. The lightest sleptons
F (=& T ﬂ;—;, 7 ), the lightest chargino i and the second lightest neutralino Y3 can be the next
hghtest sparticle to the NLSP, called NNLSP, which depends on theoretical parameters. In case that
the NNLSP mass is light enough to be produced at LEP2 energies, cascade decays from X X7, {7
and X9 productions, are expected. Figure 2.2 shows diagrams for these production processes. i
will be pair-produced in e*e™ collisions through a virtual Z° or v in the s-channel. For the wino
component there is an additional production process through scalar electron neutrinos, 7., exchanged
in the t-channel. Neutralino pairs, X{X3, can be produced through an s-channel virtual Z°, or by ¢-
channel scalar electron, €, exchange. For slepton pair production o they are produced through a
virtual Z° and v exchange in s-channel. A pair of selectrons is produced by t-channel Y! exchange as
well.

e e /
21y 1 21y Lo¢ 2y A EL
AVAVAVAV, AVAVAVAVS

Figure 2.2: (a) X{ X via s-channel 7Z°/ exchange, (b) X{ X] via t-channel i, exchange, (c) X{X3 via
s-channel Z° exchange, (d) X{X3 via t-channel &* exchange, (e) {* ¢~ via s-channel Z° /y exchange and
(f) eTé" t-channel X\ exchange.

2.3.1 Experimental topologies

In the minimal GMSB model, Y! is the candidate of the NLSP and decays mostly by X§ — G if
R-parity is conserved. Assuming it decays in a detector, signatures for the ¥’ X1X2 production give two
photons plus X with missing energy, where X arises from cascade decays to x?.

In the rest frame of the decaying X9, the photon is approximately produced isotropically* with energy
equal to mso /2 and the distribution of photon energy is about rectangular. Both the missing energy
and photon energy depend on v-factor of ¥ and the NNLSP, but they are typically greater than
Mo /2. For instance, in the case of slepton pair production where ‘ decays into x}¢ and then, ¥} —

7G, the ranges of lepton and photon energies are given by following formulae:

2

s = Hbem (m%— ><1i i ) GeV (2.25)
e 2m% ¢ X Egeam ,

*The photon distribution depends on the helicity of Y}, which arises from the NNLSP decays. The produced NNLSPs
are unpolarized in many parameter space in the minimal GMSB.
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where Ejyean is the energy of the electron (positron). The mass difference between the NNLSP and
the NLSP, AM, is the most effective to characterize kinematics of an event. The region of energy dis-
tribution for lepton is expressed by AM /2 (1 + «), with a ~ 0.1-10. The photon energy is distributed
around Mo /2, therefore one can say it depends on AM when my is fixed. As the AM becomes
smaller, the photon energy becomes large, and on the contrary to it, the event visible energy exclud-
ing the photons decreases.

In case of slepton productions the event multiplicity is always low, while it depends on decay of

7% and W+ bosons for neutralino and chargino productions, respectively.

Search for sleptons In the case of /] (] pair production the following cascade decay is expected:
ete” — (F 07

L_) >~C(1) Vas

e

_>~t1)gf

Of course, the direct decay to (G,

{—1+G
is also possible. However, this decay width is usually smaller than that of (- X + ¢ unless the latter
is suppressed by the phase space, that is, AM is very small (< a few GeV).

Search for neutralino When x9x{ are produced, 3 and X! decay as follows;

e —
L
N, qgor (¢~
—— G
G

and an event topology depends on the Z° decay. If Z° decays into qg, “jets plus two photons with
missing energy” can be observed in the final state. As AM becomes smaller, jets become soft, namely,
low-multiplicity and small energy. In the case of leptonic A decay, the event topology is very similar
to that of slepton pair production. They are shown in Figure 2.3 (1,2) schematically.

When Z° decays to a pair of neutrinos, the final state is acoplanar photons. This case is not considered
in the analysis.
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Search for chargino Chargino pairs may also be produced at LEP2 energy with large cross-section.
Assuming that Y always decays into YW= by 100 %, the following cascade decay is expected:
ete” — X N
AL

— g or £

L_)%(l)v\ﬂ-

s g or 40

G

There appear three types of topologies in final states according to the decay mode of W as schemat-
ically shown in Figure 2.3(3)(4)(5). As mentioned in the neutralino case, if both W*’s decay into
leptons, the final state looks like that of slepton pair production.

If the mass of slepton is lighter than that of Y5, it is also possible that Y; performs a cascade decay
as shown below.

X% SNy (1/2
— ey

L—w@

In addition, if 7 is lighter than X7, the following decay is also possible.
Xy — el
_— X1
L. e
Both of them have “two photons plus two leptons with missing energy”, and they are similar to the
slepton pair production topologically. These branching ratios are free parameters, however, within
the minimal GMSB, the branching fraction of Yi — W=* ! is usually larger than the others.
2.3.2 Background processes at LEP2
The signals as presented in the previous section can be broadly classified into two categories:
e low-multiplicity

- slepton
- chargino with two leptonic W decays

- neutralino with leptonic Z° decay
e high-multiplicity

- chargino with at least one hadronic W decay

- neutralino with hadronic Z° decay
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Figure 2.3: Schematic views of event topologies for X3 and X{ X; productions. In the case of XX
with X07Zdecays of Y3 followed by 4G decays of the X{, (1) for hadronic decay of 7°*), and (2) for
leptonic decay except invisible decay of 79 In case of X7 X1 with X)W=decays of Xi followed by
vG decays of the X{. For the decays of ili only through W, rates for (3),(4) and (5) are in the ratio

45 % : 44 % : 11 %, where (3) for both W*decaying to hadrons, (4) for one to hadrons and the other to
leptons and (5) for both of leptons.

All signals have two energetic photons and missing energy, which are useful for extracting signal
events from large amount of background events. In the case of the low-multiplicity signal, the
main background comes from the tau pair production process, while multihadronic process and
four-fermion qq¢v, process contaminate with the high-multiplicity signal.

Tau pair process

The process ete™ — 77 can be the dominant background source for the low-multiplicity signal.
Neutrinos from tau decays cause missing energy. At cms energies above the Z" mass, initial state
radiation (ISR) photons are emitted to reduce the effective cms energy to mzo. Such an event is called
a “radiative-return” event, and the photon energy is given by

g sfm%o
Y 2\/5

Even if two energetic and isolated photons are required, radiative-return tau pair events with final
state radiation (FSR), another ISR or a neutral hadron can fake the low multiplicity signal events.

(2.27)

Multihadronic process

Multihadronic events with a photon from a radiative-return process can be the main background for
high-multiplicity signals. This process has a sizable production cross-section, as much as ~ 80 pb at
Vs = 206 GeV. Ideally such an event has no missing energy, however poor detector resolution and
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particle(s) escaping in the beam direction induce missing energy as well as neutrinos from semilep-
tonic decays of heavy quarks. Neutral hadrons and photons emitted from quark and hadron (FSR)
as well as ISR fake a signal photon.

Four-fermion qG/7, process

The cross-section of four-fermion qqf, events is not large compared to multihadronic events, but
it is also a serious background for the high-multiplicity signal. A neutrino from W decay causes a
considerable missing energy. Similarly, an event with a neutral hadron, FSR emitted from a jet/lepton
and ISR can be selected as a signal.

Figure 2.4 shows diagrams of dominant background processes and some cross-sections of the
Standard Model processes are presented in Figure 2.5.

@) ete —= T'T (b) e*e —dq

() ete —ww —qqlv

(s-channel) (t-channel) (sigle W)

Figure 2.4: Diagrams contributing to the Standard Model background processes: (a) tau pair pro-
cess, (b) multihadronic process, (c) four-fermion qq/i, process from W+W~via Z° /4 exchange in
s-channel and electron neutrino exchange in t-channel, and (d) four-fermion qqev, process from sin-
gle W process.
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Figure 2.5: The cross-sections of the Standard Model background processes versus the ete™ cms
energy.
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Chapter 3

The LEP Collider and the OPAL Detector

3.1 The LEP collider

The CERN Large Electron Positron (LEP) collider is a 26.67 km circumference e e~ storage ring across
the border between Switzerland and France. A schematic view of the LEP accelerator is shown in
Figure 3.1.

Figure 3.1: A schematic view of LEP e*e™ collider.

A decade of successful operation of the LEP collider provided aswealth of precision data on the
electroweak and on the strong interactions, through a multitude of ¢*e~ annihilation final states
which are recorded by four multi-purpose detectors, ALEPH [13] , DELPHI [14] L3 [15] and OPAL [16].
In the phase which is called LEP1, from 1989 to 1995, the collider was operated at the cms energy
near the Z° resonance (~ 91 GeV). Measurements of s-dependent cross sections around Z resonance
provide model independent results (mass of the 79, the 7" total and partial decay widths, and the
fermion pole cross-sections) and verify the Standard Model with high accuracy. Since 1995, the LEP
collider operated at energies above the 79 resonance. In 1996, after LEP running at energies of 130-136
GeV (LEP1.5), 144 superconducting cavities were installed for the operation above the WHW™ pro-
duction threshold (LEP2). The LEP succeeded in raising up the cms energy with additional supercon-
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ducting cavities, and offered a plenty of data at high energies, which was essential for new particle
searches. The highest cms energy was 209 GeV achieved in 2000. LEP was closed on November 2nd
in 2000 and a total integrated luminosity collected at energies above Z° resonance amounted to 700
pb ! for each experiment. A brief summary of the structure of the LEP and the accelerating system
for LEP2 are described below.

3.1.1 Structure

The LEP storage ring consists of eight straight sections connected by the same number of curved sec-
tions. The ring is situated underground, in a tunnel of 3.8 m inner diameter, at an average depth of
100 m. Electrons and positrons are constrained in a vacuum chamber along the nominal orbit by an
electro-magnetic guide field system. The system consists of dipole, quadrupole and sextuple mag-
nets, dipole correctors in horizontal and vertical directions, rotated quadrupoles, and electrostatic
deflectors. The quadrupoles produce alternating-gradient forcussing, and the sextupoles are used to
compensate the energy dependence of the focusing strength.

The curved sections are occupied by sets of standard cells consisting of these magnets. The beams
are bent by the dipole field of about 0.1 T, which is unusually low as a circular accelerator in order to
reduce the radiative energy loss. The middle of the eight straight sections are the interaction points.
Four of them are surrounded by solenoidal magnets used by the detectors of the experiments. Beams
are focussed tightly at the interaction points by the strong quadrupole field generated by a set of
superconducting magnets to obtain maximum luminosity. Typical transverse dimension of the beam
at an interaction point is about 10 um x 250 pm in the vertical and horizontal plane respectively. The
longitudinal dimension is typically ~ 2 cm.

3.1.2 Accelerating System

The LEP storage ring is the last one in a chain of five accelerators. Electrons are generated at the end
point of the 200 MeV linac and are accelerated by the electrostatic field. Positrons are generated by
the positron converter which converts some of the accelerated electrons into positrons. The electrons
and positrons are then accelerated up to 600 MeV by a linac. Accelerated particles are injected into
the Electron-Positron Accumulating ring (EPA). The role of this ring is to generate bunches of the
electrons and positrons with a high intensity and a constant energy. The high intense beams are
transferred to the CERN Proton Synchrotron (CERN-PS) which operates as a 3.5 GeV synchrotron.
The PS injects into the next circular accelerator, Super Proton Synchrotron (CERN-SPS), operating
as a electron-positron injector for LEP. Particles are further accelerated up to 20 GeV in this ring and
finally they are transferred to the LEP ring. After the transfer, the LEP accelerating system accelerates
the bunches up to the full energy required for collisions.

Since the particles are constrained to a circular motion, they continually lose energy through the
emission of synchrotron radiation. In a circular orbit, the energy radiated by an electron or positron
per turn is given by

Ar 2@t R
= — X —

3.p P

where p is the bending radius, (3 is the particle velocity, v = (1- 5?) ,and F is the particle energy.
Consequently, larger radius results in smaller loss of the energy in addition to lower magnetic field
to bent the beams. In order to compensates this energy loss and maintains the beams in their orbit,
the Radio-Frequency (RF) accelerator cavities are installed in the straight section of the LEP ring. In
LEP2, RF cavities made of superconducting material are employed to reduce the power dissipation
as heat in the cavities and to achieve the higher beam energy.

AFE

-1/2
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LEP status in 2000

Various techniques to increase the beam energy and the integrated luminosity with respect to those
in 1999 were utilized very successfully in 2000 [12]. Mini-Ramp is one of the skills in order to achieve
a high energy beam.

While, in 1999, the beam energy was kept constant in each fill, it was proven during the last running
day that the mini-ramp technique could be used to increases the beam energy within a fill, in a short
time and with no additional background in the detectors. This technique, already proposed in 1999
to optimize the 2000 performance, has several advantages.

e itallows the limit on the total current, which becomes more and more stringent when the energy
in crease. A beam energy increase successively during physics;

e it allows the highest energy (with no RF margin) to be reached at end-of-fills while suppressing
the burden of one hour re-fillings every 15 minutes, thus saving about two weeks of running;

e it may relax the requirement on the starting energy (with respect to a fixed energy running),
which in turn would lengthen the coasts, and make the operation less tiring;

e it can also be used at the beginning of fills, before going to the physics energy, so as to adjust
the beams with a comfortable RF margin, which in turn should prevent a few fills from being
lost immediately.

3.2 The OPAL detector

The OPAL (Omni-Purpose Apparatus for LEP) detector [16] is a large, multi-purpose particle detec-
tor. The detector is sited on the LEP accelerator at CERN, and measures the results of interactions
between electrons and positrons, which collide at the centre of the detector. Overall, the detector is
about 12m long, 12m high and 12m wide.

The main features of the OPAL detector are:

e Central tracker
Detecting charged particles in the central region of a solenoidal coil, and measurements of their
direction and momentum with their trajectories, and particle identification by their d¥/dz, and
reconstruction of primary and secondary vertices near the interaction point.

e Electro magnetic calorimeter
Identification of photons and electrons, and measurement of their energies.

e Hadron calorimeter
Measurement of hadronic energy by the total absorption using the magnet yoke instrumented
as a calorimeter.

e Muon detector
Identification of muons by measuring their position and direction within and behind the hadron
absorber.

e Forward detector
Measurement of the absolute machine luminosity using Bhabha scattering events in the very
forward direction with respect to the beam line.

The general layout of the detector is shown in figure 3.2, indicating the location and relative size
of the various components. Figure 3.3 shows cross sections of the detector parallel and perpendicular
to the beam axis. The OPAL right-handed coordinate system is defined such that the origin is at the
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geometric centre of the jet chamber, the z axis is parallel to, and has positive sense along, the e~ beam
direction, r is the coordinate normal to z, 6 is the polar angle with respect to the +z direction and ¢
is the azimuthal angle around the z axis. Full details of the OPAL detector can be found in [16] and
only a brief introduction is given here.

Electromagnetic
calorimeters

\

Muon
detectors

Hadron calorimeters
and return yoke

Jet
chamber

Vertex
chamber

Microvertex
detector

Z chambers

Solenoid and

pressure vessel
Time of flight

detector

Presampler

Forward
detector

Silicon tungsten
luminometer

Figure 3.2: A schematic view of the OPAL detector.

3.2.1 Magnet

A solenoidal coil surrounds the central detector, and provides a uniform magnetic field parallel to
the beam. The coil is made of aluminum supported by itself to reduce the amount of material, which
electrons and photons need to pass through before reaching the electromagnetic calorimeter. The
thickness of the coil is 96 mm of Al and 54 mm of glass epoxy, which corresponds to 1.7 radiation
lengths. The iron return yoke is made of soft iron plates, which serves also as the absorption ma-
terial of the hadron calorimeter. The magnetic field in the central detector volume is 0.435 T with a
uniformity of + 0.5 %.

3.2.2 Central Tracking System

The central tracker (CT) consists of a silicon microvertex detector (SI), a vertex chamber (CV), a jet
chamber (CJ) and z-chambers (CZ). The whole tracking system is located inside the solenoidal coil.
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Figure 3.3: Cross-sectional views of the OPAL detectors (a) perpendicular to the beam and (b) parallel
to the beam.

Central field 0435T

Mean coil diameter 436 m

Solenoid thickness 96 mm of Al + 54 mm of glass-epoxy
(~ 1.7 XY, including pressure vessel)

Coil weight 25t

Overall magnet weight 2800 t

Table 3.1: Magnetic parameters.

Silicon Microvertex Detector

The silicon microvertex detector (SI) consists of two barrels of ladders at radii of 6.1 cm and 7.5 cm,
respectively. The inner layer consists of 12 ladders and the outer one of 15, tilted to close ¢ gaps as
shown in Figure 3.4. Each ladder is 30 cm long and consists of 5 silicon wafers which are assembled
by gluing r—¢ and r—z wafers back to back. The strips run in 25 ym pitch and the signals are read out
in 50 pum pitch in r—¢ and in 100 pm pitch in r-z.

Vertex Drift Chamber

The vertex drift chamber (CV) is a high precision cylindrical jet drift chamber. It is 100 cm long with a
radius of 23.5 cm and consists of two layers of 36 ¢ sectors each. The inner layer contains axial sectors,
each of which contains a plane of 12 sense wires strung parallel to the beam direction. The outer layer
contains stereo sectors each containing a plane of 6 sense wires inclined at a stereo angle of about 4
degree. The r—¢ position of a track is measured by the drift time sensed by the axial wires and the z
position is measured by combining the information from the axial and stereo wires. Figure 3.5 shows
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a schematic view of CV and its wire layout at one end plate. Spatial resolution of the r—¢ position o
is obtained to be about 50 pum.

Jet Chamber

The jet chamber (C]) is a cylindrical drift chamber of 400 cm long in the z direction with an outer
radius of 185 cm and an inner radius of 25 cm. The chamber consists of 24 identical sectors each
containing a sense wire plane of 159 wires strung parallel to the beam direction. The signal wires are
positioned at radii between 255 mm and 1835 mm with a 10 mm spacing, alternating with potential
wires. The signal wires are staggered by =+ 100 um to resolve left-right ambiguity. The z-coordinate is
measured using a charge division technique. The sum of the charges received at both ends of a wire
gives information on the energy loss dE/dx. Figure 3.6 shows a plot of dE/dx versus momentum. In
the range | cos 0| < 0.73, 159 points can be measured along each track. More than 20 points on a track
can be used for the measurement over 96 % of the full solid angle. Measurements of the curvatures
of the tracks provide precise momentum determination. The momentum resolution is given by

il il

= 1.4 x 102 P;(GeV) & 0.02
t

including a term due to multiple scattering.

z-Chamber

The z-chambers (CZ) are a set of thin drift chambers which provide the precise measurement of the z-
coordinates of tracks as they leave CJ. They consist of a layer of 24 drift chambers with 4 m length and
0.5 m width arranged to form a barrel. The chambers cover 94 % of the azimuthal angle within the
polar angle range | cos 0| < 0.72. Each chamber is divided in the z direction into eight cells, covering
50 cm x 50 cm, containing a plane of six sense wires strung in the ¢ direction. The § angle is measured
by the drift time and ¢ angle is by the charge division technique. When they are installed in the OPAL
detector, § angle resolution of 3 mrad and ¢ position resolution of about 1.5 cm are obtained.

radiation monitor/

beryllium beam pipe

Figure 3.4: A schematic view of Silicon Micro Vertex detector; (left) cross section view, (right-upper)
a set of short and long ladders, (right-lower) Cut away view.
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Figure 3.5: A schematic view of CV (left) and its wire layout at one end plate (right).
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Figure 3.6: This scatter plot shows the measured dE/dx for multihadronic tracks and muon-pairs to-
gether with the expected functional form. The dE/dx resolution for minimum ionizing pions within
multihadrons (p = 0.4 - 0.8 GeV/c) and muon-pairs with 159 dE/dx hits is also indicated.
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Inner  Outer r—¢ r—z

Acceptance <093 <0.90

Number of ladders 11 64

Average radius 6lmm 75mm

Readout strip pitch 50 um 100 pm
Spatial resolution ~5pum  ~13 ym

Table 3.2: Characteristics of the Silicon Micro Vertex Detector.

Tracking device Vertex detector (CV) Jet chamber (C]) z-chamber
Gas argon (88.2 %), methane (9.8 %), isobutane (2.0%) at 4 bar
Maximum drift distance 0.5 us 5 us 5 us
Gas gain 2 x 10* 10* 2-5 x 10*
Angular coverage 23° <0 <157° 43° <0 <137° 44° <0 <136°
for axial + stereo wires  for 159 wires 94 % in ¢
18° <6 <162° 11° < 6 <169° 67 % in 7
for axial wires for > 8 wires
Coordinate determination ¢ | drift time drift time charge division
z AT and stereo wires charge division  drift time
Spatial resolution 55 ym 135 ym 15 mm
Double hit resolution 2.0 mm 2.5 mm 2.5 mm

Table 3.3: Properties of the tracking chambers.

3.2.3 Electromagnetic Calorimeter

A lead-glass electromagnetic calorimeter (ECAL) providing acceptance for |cos | < 0.984 together
with presamplers and time-of flight scintillators (TOF) is located outside the magnet coil and at the
front of both endcaps.

Barrel Electro magnetic Calorimeter

The barrel electromagnetic calorimeter (EB) covers a geometrical region of | cos#| < 0.82. Each lead
glass block is made of SF57 which has a density of 5.54 g/cm3. The depth of a block is 37 cm, which
corresponds to 24.6 radiation lengths. Figure 3.7 shows the assembly of a block. The calorimeter
is segmented into 59 x 160 blocks in z and ¢ directions, respectively. The blocks are arranged in a
nearly-pointing geometry to the interaction region with slight offset in order to prevent incoming
particles from escaping in the gaps between the blocks.

The energy resolution during 1999 and 2000 runs is expressed as

U_E_12%

E  VE

For 50 GeV electrons injected normal to the counters, a positron resolution was obtained to be 2.4
mm in a test beam.

®0.7%. (3.1)

Endcap Electromagnetic Calorimeter

The endcap electromagnetic calorimeter (EE) covers a region of 0.81 < | cos #| < 0.98. The blocks are
38, 42 and 52 cm long, and they are arranged so that the total depth of the counter seen by particles
from the interaction region is at least 20.5 and typically 22 radiation lengths. They are mounted with
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their axes parallel to the beam direction. The lead glass used is CERN-25 which has a density of 4.06
g/cm?. A total of 1132 lead glass counters are arranged in a dome-shape array as shown in Figure 3.8.
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Figure 3.7: A schematic view of a block in the barrel electromagnetic calorimeter.
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Figure 3.8: A schematic view of the endcap electromagnetic calorimeter.

3.2.4 Hadron Calorimeter

The magnet return yoke is instrumented for hadron calorimetry (HCAL) giving a polar angle cover-
age of | cos 0] < 0.99. HCAL consists of three parts, barrel, endcap and pole tip hadron calorimeters.
Two of them have essentially the same design, located each in the barrel and endcap regions respec-
tively. The energy resolution is 120 %/+/F for all.

Barrel and Endcap Hadron Calorimeter

In the barrel region |cosf| < 0.81 the calorimeter consists of 9 layers of chambers with streamer
tubes alternating with 8 irons slabs of 100 mm in thickness, which correspond to 4.8 interaction
length. The endcap hadron calorimeters cover the ends of the barrels, 0.81 < |cos§| < 0.91, with 8
layers of chambers and 7 irons slabs of 100 mm in thickness. The total thickness of the iron absorber
corresponds to 4.2 interaction lengths. Figure 3.9 shows chamber assemblies of the barrel and endcap
hadron calorimeter.
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Detector Barrel Endcap

Angular coverage, | cos 6| <0.82 0.81-0.98

Material SF57, X9= 1.50 cm CEREN 25, X°=2.51 cm
Block geometry Quasi-pointing Coaxial with beam line
Typical block dimension ~10 x 10 x 37.0 cm? 9.2 x 9.2 x 52.0 cm?
Depth(for photons from origin) 24.6 XY ~ 22 XY

Number of blocks 9,440 2,246

Cerenkov light detector Field tolerant phototubes Vacuum photo triodes
Typical magnetic field at detector 0.002 T 045T

Detector gain (PMT or VPT) ~ 1.0 x 10° 12.3

Detector high voltage -1.0kV -1.0kV

Channel equivalent noise ~ 2 MeV ~ 14 MeV

Intrinsic energy resolution (og/E) 0.2% + 6.3 %/VE ~5%/\/E at low energy
Intrinsic spatial resolution (at 6 GeV) | ~ 11 mm ~ 11 mm

Table 3.4: Properties of the electromagnetic calorimeter.

Pole-Tip Hadron Calorimeter

At the end of the endcap hadron calorimeter, the pole tip hadron calorimeter is installed up to the
polar angle of 0.91 < | cos #] < 0.99. It consists of 10 active layers with multiwire proportional cham-
bers alternating with 9 irons slabs of 80 mm in thickness. The total thickness of the iron absorber
corresponds to 4.3 interaction lengths.

3.2.5 Muon Detector

The muon detector is located outside of HCAL covering more than 93 % of the full solid angle.
Before entering the muon detector, most of hadrons from the interaction region traverse material of
more than 7 interaction lengths. Figure 3.10 shows a cross section of a drift chamber of the barrel
muon detector. Muons are identified by matching hits in the muon detector and tracks in the central
detector to the muon detector within the tolerance caused by energy loss and multiple scattering in
the absorber.

3.2.6 Forward Detectors

The forward detectors measure the LEP luminosity by detecting small-angle Bhabha scattering, and
also tag electrons from two photon process.

Silicon Tungsten Calorimeter

The silicon tungsten calorimeter (SW) is a sampling calorimeter designed to detect small-angle Bhabha-
scattering events in order to measure the luminosity. SW is located at both sides at 4= 238.94 cm from
the interaction point on the z-axis and covers the geometrical acceptance of 59 mrad to 24 mrad in
polar angle. A schematic view of SW is shown in Figure 3.11. Each calorimeter consists of 19 layers
of silicon detectors and 18 layers of tungsten plates. At the front of each calorimeter is a bare layer of
silicon to detect preshowers. The next 14 silicon layers are each behind 3.8 mm (1 radiation length)
of tungsten and the final 4 layers are behind 7.6 mm (2 radiation length) of tungsten. Each silicon
layer consists of 16 wedge shaped silicon detectors. A wedge covers 22.5 degree in ¢ with an inner

42



BARREL

ENDCAP

10420 mm

Figure 3.9: Barrel and endcap chamber assemblies of the hadron calorimeter.

Barrel Endcap Pole Tip
Angular coverage(| cos 0|) < 0.81 0.81-0.91 0.91-0.99
Active detector Limited streamer tubes, cells  Thin high gain
multiwire chambers
Number of layers of detector | 9 8 10
High voltage 4.65-4.85 kV 35kV
Gas isobutane (75 %), argon (25 %) n-pentan (45 %), CO2 (55 %)
Wire spacing 10 mm 2 mm
Wire diameter 100 pm 50 um
Readout:towers pulse height pulse height
:strips digital digital

Absorber (between layers) 100 mm iron 80 mm iron
Gap in iron, for detector 25 mm 35 mm 10 mm
Dimensions : radius 3.4-44m 1.9-3.3m 0.6-1.8 m

: length 10 m 1.0m 0.81 m

: thickness of iron 0.8 m 0.7 m 0.72m
Energy resolution 120 %/VE 120 %/VE 120 %/ E
Strips (10mm) axial horizontal radial
Towers (pointing to vertex) Ap ~T75°  A¢p~T7.5° A¢p ~ 11°

Af ~ 5° Al ~ 5° Af ~ 4°

Table 3.5: Properties of the hadron calorimeter.
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Figure 3.10: Cross section of a drift chamber of the barrel muon detector.

Barrel Endcap
Angular coverage, | cos 6| | 0.72 for > 1 layer 0.67-0.98
0.68 for 4 layers
Absorber (Af) ~ 8 8-14
Active detector 110 drift chambers Limited streamer tubes
Wire direction along z along x and y
Wire diameter 50 ym 100 ym
Number of layers 4 4
Spacing equally spaced over 0.6 m 19, 670, 19 mm
Position Resolution ~ 1.5 mm by drift time (¢) ~ 1mm x(y) by L strips
~ 2 mm by cathode pads (2) ~ 3 mm y(x)by | strips
Direction Resolution 5 mrad 5 mrad
High voltage drift: 4.0 kV 43kV
drift + signal: 5.85 kV
Gas ethane (10 %), argon (90 %)  isobutane (75 %), argon (25 %)

Table 3.6: Properties of the muon detector.

44



and outer radii of 6.2 cm and 14.2 cm, respectively. The wedge is subdivided into 64 parts (32 in
r and 2 in ¢) giving a total of 38912 channels which are read out individually. Adjacent wedges in a
layer are offset by 800 um in the direction z and positioned in such a way that there is no gap in the
active area of the silicon. Consecutive layers in the detector are offset in ¢ by a half wedge so that any
cracks between the tungsten half-rings do not line up. The relative experimental error of the absolute
luminosity at LEP1 measured with the SW luminometer is 3.3 x10~%. This includes all intrinsic and
time-dependent sources of experimental uncertainty such as detector geometry, gain variations, en-
ergy and position biases in the detector response to electromagnetic showers, variations in the beam
geometry, backgrounds and other environmental influences.

Forward Calorimeter

The forward calorimeter (FD) consists of 16 segments located at both sides and covers the acceptance
of 37 to 154 mrad from the beam pipe. Each segment is composed of 35 sampling layers of lead-
scintillator sandwiches divided into a presampler of 4 radiation lengths and the main calorimeter of
20 radiation lengths. It is located behind SW at both sides.

Gamma Catcher

The gamma catcher (GC) is a ring of lead scintillator sandwich sections of 7 radiation lengths, located
in front of SW at each side. GC covers the acceptance of 143 to 193 mrad from the beam pipe, thus
filling the gap between EE and FD. The detector has a linear response to the energy of electromagnetic
shower up to 5 GeV. Any electron or photon with the energy of more than 2 GeV can be detected,
thus providing an efficient veto for radiative events.

MIP plug calorimeter

Four layers of 1 cm thick scintillator tiles are installed in both endcaps of the OPAL detector. The
main purpose of these tiles is to detect presence of minimum ionizing particles at low angles to the
beam axis. Until the installation of the MIP plugs, there were no detectors providing efficient, low
angle coverage (between ~ 60 to ~ 160 mrad) for muons. Without the MIP plugs, leptons at low
angles can escape detection and fake the missing energy. A schematic view of the layout of SW, FD,
GC and MIP plugs are shown Figure 3.12.

3.2.7 Trigger

Events are recorded by the data acquisition system only if they satisfy certain trigger conditions. The
detail of the OPAL trigger system can be found in Ref.[16]. The trigger signals from subdetectors
divide into two complementary parts, “standard-alone” and “6—¢ matrix” signals. Information from
a single detector component is used for the stand-alone trigger signals such as total energy measured
by ECAL or track multiplicities provided by the track trigger (TT) with relatively high thresholds.
In order to allow lower thresholds and spatial coincidences between components, the detector has
been subdivided into § and ¢ elements, “6—¢ matrix”. The 6—¢ matrix is composed of overlapping
bins in the polar range by 6 bins. The matrix has 5 layers corresponding to the track, time-of-flight,
electromagnetic, hadron and muon triggers. The matrix provides spatial correlations of hits within
and between subdetector layers.
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Figure 3.11: (left) A schematic view of one of the SW calorimeters, separated into two parts, A and
B. The dimensions shown on the figure are mm. (right) A schematic illustration of the silicon diode
pad geometry.
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Figure 3.12: A schematic view of the layout of SW, FD, GC and MIP plugs.
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Chapter 4

Tools for Event Analysis

In this section, a procedure for an event reconstruction , its basic algorithms and the definition of
event variables used in the GMSB SUSY particle search are described.

41 Event Reconstruction

An event is a collection of hits. These hits are reconstructed in order to obtain physics quanti-
ties such as track momenta and cluster energies by the event reconstruction program, called ROPE
(Reconstruction of OPAL Physics Event). ROPE consists of a variety of processors. Some processors
convert specific subdetector hits into physics quantities. For example, a processor performs cali-
bration of electromagnetic cluster energy and forms a cluster. Some processors combine data from
several subdetectors and compute less detector specific quantities. Finally ROPE forms the OPAL
DST (Data Summary Tape) containing a set of measured physics quantities, errors of the measure-
ments and so on. ROPE can also read the DST as well as raw data and provide the environment in
which more complex analysis can be performed.

41.1 Tracks and Calorimeter clusters

First of all, well-measured tracks and calorimeter clusters should be selected to remove the tracks and
clusters caused by cosmic rays, beam induced backgrounds, detector noise or bad measurements.

Quality requirements are defined as follows:

e Good charged tracks are required to have at least 20 measured space points, more than 50 % of
the hits geometrically expected, and transverse momentum exceeding 0.12 GeV. The impact
parameters, |dp| in the r—¢ plane and |zy| in the 7—z plane, should be less than 2.5 cm and 30 cm,
respectively.

e Good ECAL clusters in the barrel region are required to have an energy of at least 100 MeV, and
the clusters in the endcaps should satisfy the requirement of having an energy of at least 250
MeV and containing at least two adjacent lead glass blocks.

e Good HCAL clusters are required to have an energy of at least 0.6 GeV in the barrel and endcaps,
and at least 2 GeV in the pole tips.

4.1.2 Energy Flow

An algorithm to calculate energy flow is the most basic method to extract kinematic values of the
events. Measuring visible energy with better resolution leads to a more precise measurement of
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missing energy, which plays an important role in searches where invisible particles could carry off
the energy in the decay of new particles.

In the hadronic final state, charged particles carry about 2/3 of the total energy, while neutral par-
ticles carry the remaining 1/3. While neutral particles are measured by the calorimeter only, charged
particles deposit energy in ECAL/HCAL and their momenta are measured by CT. This means that
simply summing up all the measured momenta by CT and energies by ECAL and HCAL will re-
sult in double counting for charged particles. Practically this is avoided by subtracting the assumed
charged track energy from the corresponding cluster energy. The remaining energy after subtraction
is then considered as originated from neutral particles.

When using calorimetry information, another problem can occur because the energy responses of
ECAL and HCAL are very different for hadrons in the OPAL detector. Hadrons may go through
ECAL without strong interaction and deposit nearly full energy in HCAL. In some cases, how-
ever, hadrons may also deposit a large fraction of its energy in ECAL, as ECAL had non-negligible
hadronic interaction length (greater than one). When a hadron shower is produced inside ECAL,
Cerenkov light is emitted whose amount corresponds to the energy of 7¥ in the shower. Other
charged particles in the shower can loose part of their energy by the break up of nuclei and/or
nuclear excitation followed by evaporation of nucleons, which is not observed in ECAL. This means
that the energy measured by the ECAL is much smaller than the energy lost by the hadron in ECAL.
Hence if we simply add the observed energies in ECAL and HCAL for hadrons, we have a bad en-
ergy resolution due to the unobserved part of the hadron energy. Therefore, on average, the observed
ECAL energy should be scaled up for hadrons. The fraction of the unobserved energy depends on
the first interaction points of the hadrons which can not be evaluated cluster by cluster. However it is
possible to estimate the mean fraction of the unobserved energy as a function of the observed cluster
energy. By adding the ECAL and HCAL energies with optimal weights, we can use the calorimeter
energy as the better estimate of the hadron energy as well as the tracking information. This proce-
dure, applied before the above-mentioned subtraction, is very important in order to achieve better
resolution. The correction of the measured energy for hadrons is done using the functions shown in
Figure 4.1 and the visible energy is reconstructed by the following function;

Eyis = Z /BE(Ezaw)Eﬁaw + Z ﬂH(Hgower)Hgower ) (4.1)
( J

where E?,, and Htjower are raw energies (without compensation) of an ECAL cluster : and an HCAL
cluster j, respectively. Both 8g(E?) and By (H) are tuned using the pions incident to the calorimeter
in the Monte Carlo samples and checked with the data taken at the Z° peak. This correction for
hadrons should not be applied for electrons and muons. Therefore, a particle identification (ID) is

employed in the algorithm. They are summarized briefly in section 4.1.4.

The algorithm starts with finding the matching tracks to ECAL and HCAL clusters, using extrap-
olated positions of tracks into calorimeters.

Secondly the algorithm uses the particle ID. If the ECAL cluster is identified as that of an electron,
the energy is not scaled up. If a track is identified as that of a muon, the expected energy deposit for
a minimum ionizing particle is subtracted from the cluster energy.

Next the algorithm searches for ECAL clusters associated with only one or two tracks. If the ratio
of the ECAL cluster energy to the track momentum (or momentum sum of two tracks) is greater than
0.7, and the ratio of the associated HCAL cluster energy to the track momentum (or the sum) is less
than 0.05, the ECAL energy is reduced by the associated track momentum without compensation op-
timized for hadrons. This situation will occur when + is converted before reaching ECAL (as shown
in (a) in Figure4.2) or an isolated pion interacts with lead-glass and larger energy than expected is
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observed by ECAL (as shown in (b)). For the latter case, to ensure for any other neutral particle not
to have entered the cluster, the requirement on HCAL energy is needed. In the case of y-conversion,
the cluster should be treated as an electromagnetic shower cluster, and in the case of pion interaction
the energy should not be calculated with calorimeter but with CT.

Then the algorithm performs “the energy correction for hadrons” to the clusters which are iden-
tified as isolated electrons or muons, vy-conversion, or pion interaction. Appropriate energy is sub-
tracted from the ECAL and HCAL clusters according to the associated track momenta. The subtrac-
tion is done at first from HCAL cluster energy. If the HCAL cluster energy does not have enough
energy, the track momentum is subtracted for the ECAL energy. After subtraction, remaining energy
on calorimeters is considered to have come from neutral particles such as 7(s) or neutral hadron(s).
The remaining energy in ECAL is re-calculated as originated from . Here, charged tracks and neu-
tral clusters are treated complete separately.
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Figure 4.1: The corrected energies are calculated as (factor)x (ECAL raw energy) and (factor)x (HCAL
tower energy).

4.1.3 Jet Reconstruction Algorithm

Jets are formed from charged tracks and calorimeter clusters using the Durham algorithm. The
Durham jet reconstruction algorithm is one of successful combination algorithms which are itera-
tive, beginning with a list of jets that are just the observed particles. At each stage of the iteration,
one considers two jets ¢ and j as candidates for combination into a single jet according to the value of
a dimensionless variable y;; which expresses “separation” between the jets i and j. The pair i, j with
the smallest value of y;; is combined first. When two jets are combined the four-momentum of the
new jet P* is determined by a combination formula

Pt = P!+ P!, (4.2)

After this joining, there is a new list of jets. The process continues until every remaining y;; is lager
than a cutoff parameter, y.,:, which is called the jet resolution parameter. In this way, each event
is classified as containing N jets (N = 2,3,4,...), where the number of jets depends on y.,;. When
events are forced to be reconstructed as N-jet events, this procedure is repeated until the number of
jets reached N without setting y.,+ as a fixed value. There are various algorithms of reconstructing
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Figure 4.2: (a): A pair of ete™ from ~-conversion happen to enter a single ECAL cluster. The cluster
should be treated as an electromagnetic cluster. (b): When an isolated pion interacts with lead-glass
and observed energy with ECAL is larger than 70 % of the track momentum, scaling up the measured
ECAL energy will change the event energy flow, which is dangerous especially for low-multiplicity
analyses. Such pion energy should be measured by CT and the ECAL cluster should be reduced in
the subtraction process. To ensure that no other neutral particle has entered the cluster, it is required
that the measured energy in HCAL should be smaller than 5% of the track momentum.

an event. In the JADE algorithm, y;; is defined as

2F; - E;(1 —cosb;;
Yij = ]SEQ ) . (4.3)

vis

In this method, two soft particles are easy to be combined even if the angle between them is large.
Therefore, this analysis employs the Durham algorithm, where y;; is defined as

yij = EQ = E2 . (44)

vis vis

Here 2 min (E2, EJQ) (1—cos 0;5) is the same as the transverse momentum squared of the lower-energy
particle with respect to the direction of the higher-energy particle in the small-angle limit. It can be
seen that a particle with low energy will be combined with another soft particle only when the angle
between them is smaller than the angle it makes with another particle with higher energy.

4.1.4 Particle Identification

Ways to identify electron, muon, tau lepton and photon used in this analysis are described briefly.

Electron Identification

The electron identification is usually performed using two parameters, i.e. the ionization loss dF /dz
and the energy of the electromagnetic cluster (&) divided by the momentum of the track (p) associ-
ated with the cluster, the E/p ratio. For electron tracks, dE/dz is expected to be about 10 keV /cm for
p > 2.0 GeV/c and the E/p ratio is about unity.

Electrons are identified using an artificial neural network technique. This neural network consists

of an input layer with 12 input nodes, a hidden layer with 15 nodes, and an output layer with an
output node. Input parameters for a track are as follows:
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Figure 4.3: The output distributions of the neural network, (a) for the barrel region and (b) for the
endcaps region. The shaded histograms are for true electrons, the open histograms are for back-
grounds.

the momentum of the track,

the cos 6 of the track,

the dE/dz of the track measured by the jet chamber,
the expected error of the dE'/dr measurement,

the ratio £/p, where p is the momentum of the track and £ is the electromagnetic energy asso-
ciated to the track,

the number of lead-glass blocks in the electromagnetic cluster,

the Econe/p, where Eqope is the total electromagnetic cluster energy within the cone with a half
angle of 30 mrad around the track,

the number of blocks in the electromagnetic cluster where F is defined,

the ratio Feone/(E — Econe),

the distance between the electromagnetic cluster and the track in ¢ direction,

the distance between the electromagnetic cluster and the track in # direction, and

the multiplicity of presampler hits in front of electromagnetic calorimeters.

The neural network was trained by Monte Carlo samples to output 1 for electron and 0 for other
particles. Figure 4.3(a) and (b) show the distribution of the neural network output for the barrel and
endcaps, respectively.
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Muon Identification
In principle muons have several distinct signatures:

(1) In contrast to any other known charged particles, muons with a momentum of around 2 GeV
or more are expected to penetrate the HCAL and leave a track segment in the muon chambers.

(2) Compared to hadrons, muons are expected to deposit a relatively small fraction of their energy
in the hadron calorimeter. The hits in the outer hadron calorimeter layers are expected on the
way to the muon chambers.

(3) Muons can be distinguished from heavier charged particles (kaons, protons) via the dE/dz
measurement in the central tracking detector. However, there is hardly any separation from
charged pions only with the dF/dz.

The muon identification is performed again by the artificial neural network technique, which
has 18 nodes in one hidden layer. Before applying the neural network, a track is required to have
momentum to be larger than 2 GeV, and is “best match” for the given muon segment. The “best
match” is based on the matching parameter, x5, which is defined as

Ag\? A%
Xpos B <_> + <_> .
o oy
Here A¢ and A are the differences between the extrapolated track and the muon segment in the

and 6 directions respectively, with o, and oy being their errors. The output of neural network is
p y ¢ g p
shown in Figure 4.4.

The neural network is applied to select tracks with dominant inputs of;
o the x5 for the position matching,

e the mis-association ratio R, mis, which is a measure of how ambiguous the choice of the best
match is,

e the weight for the match between the muon segment and the track used both positional and
directional information for matching inner tracks and muon segments,

e the number of HCAL layers in the HCAL cluster associated with the track if any,
e the number of outermost HCAL layer,

e the weight for the match between the track and HCAL cluster,

e the HCAL cluster energy divided by the track momentum,

e the muon dF/dx weight for the track,

e the error of the dF/dr measurement,

e the momentum of the track,

e the cos 6 of the track extrapolated to the muon chambers, and

o the ¢ of the track extrapolated to the muon chambers.
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Figure 4.4: The output distribution of the muon neural network is shown. The Monte Carlo expecta-
tion is given by the open histogram, where the the muon component is shown as a shaded histogram.

Tau lepton Identification

Tau lepton identification is formed to select tau leptons in high multiplicity events. After splitting
particles into jets using the Durham algorithm with k2 =3GeV?, a jet satisfying the following criteria
is selected as a tau lepton;

the number of charged tracks assigned to the jet, 1 < Ny, <3,

o the momentum sum of tracks > 2 GeV,

e the invariant mass of charged particles assigned to the jet < 1.5 GeV, and
e the invariant mass of all particles assigned to the jet <2 GeV .

If a tau decays leptonically, it may also be selected as electron or muon. Neglecting five- and seven-
prong decays of tau, the number of charged tracks assigned to a tau jet should be one or three, and
the total charge of tracks must be + 1. However, these two conditions are not required here. Due to
such a loose tau lepton identification, conversion photons (see next paragraph) are often selected as
tau lepton. Therefore, tracks identified to originate from a conversion photon are excluded.

Photon Identification

Identification of isolated photons plays an important role in this analysis. It reduces background
events very efficiently. Several conditions are required for ECAL clusters to be identified as isolated
photons with high purity.
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As a photon is neutral and interacts with matter via electromagnetic interaction, it deposits most
of energy in ECAL. Ideally, photon is identified as an ECAL cluster with no associated charged track.
However due to an amount of material (~ 0.1 X°) in front of CJ sensitive volume is located, a photon
is converted to an eTe ™ pair with an approximately 7 % probability. Such a photon is called conversion
photon. If one simply requires two photons with no associated charged track in this analysis, ~ 14 %
of signals would be lost by this selection criteria. Therefore, conversion photons should be rescued.

A conversion photon is mainly characterized by the existence of an ete™ pair and the conversion
point. The conversion photon identification is performed by an artificial neural network. This neural
network consists of an input layer with 9 input nodes, a hidden layer with 10 nodes, and an output
layer with one output node. Input parameters are the following;

e the distance between the two tracks at tangency A(zy),

e the radius of the first measured hit of both tracks: R1 and R1P (the P denotes the partner) and
the radius of the reconstructed vertex RADYV,

e the invariant mass XMI of the e*e™ pair and the impact parameter DOV of the reconstructed
photon with respect to the primary vertex of the event,

e the OUT3 of the partner, OUT3 being the neural net output for electron ID described previously,
and

e the momentum times the sign of the two tracks, QP and QPP.

To select photons with high purity, isolation requirement is very important, especially in high-
multiplicity events. A photon is regarded as isolated if the condition F15 <2 GeV is satisfied, where
E15 is the summation of charged track scalar momenta and electromagnetic calorimeter energies
excluding the photon candidate inside a 15° half-angle cone centered on the cluster. If a photon is
identified as a conversion photon, energies associated with the photon and energies of associated
tracks (conversion tracks) are excluded. In this analysis, following selection criteria of isolated photon
are employed;

e electromagnetic cluster without associated track or identified as conversion photon,
e the photon energy, E, > 3 GeV,
e |cosf| of photon < 0.9, and

e [15(=Y|P|+ ErcaL) <2GeV.

4.1.5 Event variables

The following event variables are used in the analysis for the SUSY search with GMSB models. They
are calculated from good charged tracks and good calorimeter clusters defined in section4.1.1.

o N&° °d is the number of good charged tracks.

® Nconv is the number of tracks originated from photon conversions. The identification of conver-
sion photon is described in section 4.1.4.

o Fs is defined as the total energy of all reconstructed particles. The energy flow algorithm is
used to reconstruct four-momentum of particles.

o D= (33 Pays 225 Pys» 23 P=;) is defined as the vector sum of all reconstructed particles.
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e Py is the transverse component of the total momentum ﬁvis with respect to the beam axis.
Ideally, in the case that no particle escapes the detection, Pr is zero. This is one of the most
important variables to search for supersymmetric particles. PJ-°" has the same definition as
Pr, but without the HCAL energy. Because the hadron calorimeter measurement shows a rela-
tively large fluctuation, it can generate a fake transverse momentum. So that P and Py ©oh are
sometimes treated separately for the safety reason.

e The visible mass M, is defined as the invariant mass of the all reconstructed particles,
/ 2
Mis = E\%is - ﬁvis .

® c0s Ojss 1s the cosine of the missing momentum T’)mis (= —T’)Vis ).

® Oacop is defined as a supplementary angle in a plane perpendicular to the beam direction be-
tween two vectors, ﬁl and ﬁg, which are made up of vector summations of particle momenta
after splitting particles into two jets using the Durham algorithm. The acoplanarity angle is
defined as
(5 daons) (P x2) (Pax2)
cos(m — =
oo Py x2|| Py x 7

where 7 is the unit vector of the e” beam direction. If any missing particle exists with mo-
mentum not pointing to the beam axis, the angle between the two jets in the transverse plane
differs from 180°. As a result, a large acoplanarity angle is expected for events with missing
particle(s). It is effective to indicate the existence of missing particle(s) even if photons radiated
from e~ (e™) beam or undeflected electrons go undetected and produce large missing energy. It
is also helpful to reduce events originating from cosmic rays.

e N[*°is the number of isolated leptons. The identified lepton is defined to be isolated if the energy
is less than 2 GeV within a cone of half-angle 15° around its lepton.

° P%(,Y is the transverse momentum of photon to the nearest X (a charged track or a jet).

max

et is the maximum jet mass among [V jets when particles are split into N-jets system.

4,2 Monte Carlo Simulation

To search for a new phenomena beyond the Standard Model, event generators both for signal and
the Standard Model processes are necessary. A detailed detector simulation is also essential.

4.2.1 Simulation of the GMSB SUSY Processes
DFGT generator

Signal events of charginos, neutralinos and sleptons are generated with the DFGT generator [29]. The
DFGT generator includes spin correlations and allows for a proper treatment of both the W boson
and the Z° boson width effects in the chargino and heavy neutralino decays. The masses and the
couplings of the SUSY particles are determined by the four input parameters, mg (universal scalar
mass at GUT scale), M, (the SU(2);, gaugino mass at GUT scale), i (the superpotential Higgs mass
parameter) and tan (3 (the ratio of the VEV of the two Higgs doublets). Once the input parameters
are given, the DFGT generates four-momenta of particles for a specified SUSY production and decay
process.

Events are generated as follows:
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e Full helicity amplitudes from initial etTe™ states into final state partons are first calculated at tree
level. This is done using the HELAS library routine [30], which allows us to implement correct
angular correlations and effects of the natural width in the structure function formalism.

o The effective cross sections are then evaluated by the numerical integration package BASES [31].
Initial state radiation is included in the structure function.

e The generation of unweighted events is done at the parton level using the SPRING package [31].
The QCD evolution and hadronization of the final state quarks are performed via an interface
with JETSET 7.4[21].

My and p are adjusted in order to get the NNLSP and NLSP with a mass combination.

The most important parameters influencing the chargino detection efficiency are the mass of the
lightest chargino, m L and the mass difference between the lightest chargino and the lightest neu-

tralino, AM = Mgt — M. The X7 X; events are generated at 72 points of the (m o AM) plane; 60
GeV ~ 96-102.5 GeV (a upper value depends on a cms energy) for m_ < and 3 GeV ~ Myt for AM.

At each point 1,000 events are generated for the decay X{ — X! Wi( ). For the ¥ %! X2 productlon
Mo and AM = Mg — Mo are the main parameters affecting the efficiency. The (X3 events are
generated at 100 points of the (mgo +mgo , AM) plane; 100 GeV ~ 190-205 GeV for mgo +myg, and 3

GeV ~ 180-190 GeV for AM. For the E*E pair production, mz and AM = mg — Mg are the main
1 1

parameters affecting the efficiency. The /{ /] events are generated at 48 points of the (m M AM)
plane; 60 GeV ~ 95-102 GeV for m T and 3 GeV ~ my for AM. These signal Monte Carlo events
are generated at cms energies of 192, 196, 200 and 206 GeV.

4.2.2 Simulation of the Standard Model Processes

The following Standard Model processes are considered as background.

Multihadronic Process

Multihadronic events are generated via the process ete™ — Z0<*)/ 7* — qq. At the cms energy
above the Z° boson mass, initial state photons are easily radiated to reduce the effective cms energy
of the eTe™ system to the Z° pole before the production of multihadronic events. This is called the
“radiative-return” process and the cross-section at LEP 2 energies reaches about 100 pb. Generation
of these multihadronic events and hadronization of the qq system is simulated by using the KK2F [19]
and PYTHIA 6.125[21] packages, respectively. The initial state radiation (ISR) is reproduced with
CEEX [20]! by O(a3L3) while the final state radiation (FSR) is included in the showering process by
PYTHIA.

Lepton pair Processes

Forete  — putu (y) and ete™ — 7177 (7) events, lepton pairs are simulated using the KK2F pack-
age, in which ISR, FSR and ISR-FSR interference are included. The BHWIDE [24] and TEEGG [25]
programs generate ete~ — eTe™ () events. The former is used for events with both the electron and
positron scattering angles larger than 12.5° from the beam axis, and the latter is used for the remain-
ing phase space. Tau lepton decays are simulated by the TAUOLA program [22]. Radiative return
tau pair events become the most serious background for the low-multiplicity signal.

!Coherent Exclusive Exponentiation (CEEX) is a new theoretical framework for precision predictions of higher order
radiative corrections.
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Two-photon Processes

Two-photon events are generated through the process ete™ — eTe™ + X where the system X is
produced in the scattering of two quasi-real photons as vy — X. Hadronic final states are simulated
using PYTHIA and PHOJET at low Q? (< 4.5 GeV?). At high Q? the F2GEN with "perimiss’ option
2 is found to give the best description of data. PYTHIA and HERWIG are also used for comparison.
The Vermaseren generator is used to simulate purely leptonic final states in two-photon processes.
Additional samples which are not covered by the Vermaseren program are generated using the grc4f
package [26].

Four-fermion Processes

Four-fermion events are dominated by the W W~ pair production processes. Other contributions
are from Z%y* and 7079 events. They are simulated using the grc4f and KORALW [27]. Processes
ete  ff(f = e, u,T,q) are generated by grcaf and the others are generated by KORALW. The events
with an energetic neutrino and ISR/FSR are serious background in this analysis. These events are
simulated by KORALW, where ISR is treated with up to precision of O(a?). For FSR, JETSET show-
ering algorithm and PHOTOS are used for multihadonic and leptonic final states, respectively.

4.2.3 Detector Simulation

GOPAL[17] is a Monte Carlo program to simulate the OPAL detector using the CERN GEANT3
package 1.1[18]. GEANT provides tools to define the geometrical parameters of a detector using
standard shapes. GEANT also deals with tracking of particles through this detector, including the
necessary physics processes (scattering, decays, interactions). In order to use GEANT a number of
user routines have to be provided. These fall broadly into four categories:

(1) At initialization time one has to set up the geometrical description of the detector, and define
the materials and tracking parameters for each volume.

(2) Generation of the primary kinematics for each event.

(3) Ateach step of each particle the user is given control. For particles traversing sensitive detectors
one can store hits, which contain the necessary information to allow the subsequent simulation
of the detector response. In addition, one can decide whether to stop the tracking of certain
particles.

(4) At the end of each event one enters the digitization stage, where the hits are used to simulate
the data which the detector would have produced for subsequent reconstruction or analysis.

The output from GOPAL is passed to the OPAL reconstruction program, ROPE, as if they were
real data.

’In the perimiss model, an angular distribution of virtual photons is determined by z (a fraction of a virtual photon
energy to a e* beam energy) and Q2 (a momentum transfer of a virtual photon) of generated events.
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Chapter 5

Search for SUSY events with Isolated
Photons

5.1 Data samples

Data samples used for the physics analysis consist of events satisfying the requirements that ensure
the full detector functionality without hardware or data acquisition problems. This selection is made
on the basis of a classification of data performed by a team of experts using the database of hardware
problems compiled during the data taking as well as the output of appropriate monitoring programs,
checking inconsistencies and defects of the data. The criteria that have to be satisfied by the event to
be accepted are the following:

(1) CJis fully operational to avoid poor tracking performances,

(2) EB and EE are fully operational for the the energy measurement to be reliable, especially for
photons,

(3) SW and FD are operational for reliable luminosity monitoring.

The available data samples in 1999 and 2000 are summarized in Figure 5.1.

Ideally speaking each data sample at each cms energy would require a dedicated optimized se-
lection. This is clearly unpractical since it would imply that huge Monte Carlo productions of back-
ground samples and signal samples are necessary. Moreover it is evident that no large changes are
expected for a few GeV of energy increment either in the signal and the background shapes. There-
fore, Monte Carlo samples are produced only at cms energies of 192, 196, 200, 202 and 206 GeV. Some
of event variables are normalized by cms energy in order to reduce a cms energy dependence.

5.2 Luminosity

The luminosity is measured using small-angle Bhabha events detected in the SW calorimeters. Bhabha
scattering events are selected by requiring a high energy cluster in each end of SW, as described be-
low. The energy in each calorimeter has to be at least half of the beam energy, and the average energy
has to be at least three quarters of the beam energy. Figure 5.2 shows the correlation of the energy
of the SW calorimeter on one end with that on the other end. The two highest energy clusters are
required to be back-to-back in ¢, ||¢r — ¢r| — 7| < 200 mrad, where ¢r and ¢, are the azimuthal
angles of the clusters in the right- and left-hand calorimeters, respectively. They are also required to
be collinear by placing a cut on the difference between the radial position, AR = |Rr — R| < 25
mm, where Rp and Ry, are the radial coordinates of the clusters on a plane approximately 7 radiation
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Figure 5.1: Luminosities at each cms energy during 1999 and 2000 data taking. The total luminosity
is 432 pb~L.

lengths into the calorimeter. This cut corresponds to an acollinearity angle! of about 10.4 mrad. The
inner and outer radial cuts on the fiducial region delimit a region between 38 and 52 mrad on one
side of the calorimeter, which for the opposite calorimeter a wider zone between 34 and 56 mrad is
used. Two luminosity measurements are performed; the narrower fiducial region on one side plus
the wider region on the other side and vice versa. The final result is the average of the two and has
no first-order dependence on beam offsets or tilts. The cross-section of Bhabha scattering accepted
by these cuts is calculated using the Monte Carlo program BHLUMI [32]. The statistical error on the
luminosity measurement is 0.26 %. The systematic uncertainty which arises from theoretical knowl-
edge of the cross-section and detector effects amounts in total to 0.30(0.22) % in 2000 (1999). The
method of the luminosity measurement is fully described in [33].

5.3 Preselection

To select well-measured events and reduce huge uninteresting events, the following preselection is

applied:

e The number of good charged tracks in an event, N5’ °d > 2. In addition, the ratio of the number
N °d to the total number of reconstructed tracks is required to be larger than 0.2.

e The transverse momentum of the event, Pr > 0.02/s.
e The visible mass reconstructed from all particles in the event, M;s > 3 GeV..

e The total energies deposited in each side of the silicon tungsten calorimeter, the forward calorime-
ter and the gamma-catcher at each side have to be smaller than 2 GeV, 2 GeV, and 5 GeV, re-
spectively.

! An acollinearity angle is a supplementary angle between two vectors.
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Figure 5.2: The correlation of the energy (shown as the fraction of the beam energy) of the SW
calorimeter on one end of OPAL with that the SW calorimeter on the other end. The Bhabha peak is
clearly separated from the off-momentum background.

e The maximum EM cluster energy and the maximum charged track momentum have to be
smaller than 1.3 times of the beam energy.

e the ratio of the visible energy measured in the forward region (|cos | > 0.9) to the total visible
energy is less than 0.2.

5.4 Event Classification

The three signal processes, slepton, neutralino, and chargino productions can have similar final
states, namely events with “photons plus X (jets and/or leptons) with missing energy”. There are six
different processes;

(1) €0~ with £+ — £+x9

2) X0x8 with 9 — ¥97°™) followed by 20 — ¢+¢—,

3) X0x8 with ¥9 — ¥97°™) followed by Z°*) — qq,

4) XX with Y& — YW= followed by both W's — fv,

() ¥y, with ¥F — W™ followed by one W — qq’ and the other W — (v, and
6) X7 X, with Y& — YW= followed by both W’s — q’ .

Here, all decay chains terminate with the decay x! — ~G.
These final states can be classified into three topologies.

(A) photons plus leptons with missing energy (1),(2),(4)
(B) photons plus jets with missing energy (3),(6)
(C) photons plus jets plus lepton with missing energy 5)
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It is effective to optimize the selection not for each process but for each topology. The most charac-

teristic variables of event topologies are multiplicity and AM. The multiplicity is defined as N5 od _

Neonv - Events with N f}?Od — Neonv < 6 (low-multiplicity) are categorized in (A), and the others (high-

multiplicity) are classified into (B) or (C). The AM is the mass difference between the NNLSP (%li, X9 Zli)
and NLSP (¥{) masses, which characterizes the photon energy and the missing energy.

Category (A) includes signal events with two leptons in addition to photons. Only one analysis
is employed for this topology because it is not very necessary to change the analysis according to
AM. Events with photons plus jets with missing energy are classified to Category (B). A total of five
different analyses are employed since it is difficult to keep a high sensitivity using only one analysis.
The analysis is divided into three according to the size of AM, and they are called “small”, “medium”
and “large”. For signals with medium and large AM, the analysis is divided into two; one is for
4-jet events expected for Y] ¥; and the other is for 2-jet events expected for ¥}x3. Category (B) is
summarized in Table5.1. An event which has one isolated lepton as well as photons plus jets with
missing energy is classified to Category (C). When one W decays into /v and the other W decays
into qq, an event should be categorized here. Two analyses, Analyses C1 and C2, are employed for
signals with medium AM and large AM, respectively. The case of small AM is covered by Analysis
B1 because the lepton is not well identified.

Selection target process AM
B1 X9x9 and X7 X7 small
B2N XX medium
B2C X1 X1 medium
B3N XY large
B3C X1 X1 large

Table 5.1: Categorization in analysis B.

5.5 Event selections

Each analysis is presented in the following subsections. All analyses are applied to the data collected
in 1999 and 2000 at /s = 192-209 GeV. Experimental plots are shown for the data collected in 2000
with an average energy of 206.1 GeV and Monte Carlo samples generated at /s = 206 GeV.

5.5.1 Analysis A

Analysis A is employed for the topology of “photons plus leptons with missing energy”, which is ex-
pected by the following production and decay processes;

0y — AW GG+ et
X1X5 ORZ0 — 4G G + 00,
XIXT — XAOXIWTW™ = GG+ Tl .

!

(A - 0) Events must satisfy the following set of selection criterion to be selected as candidates.
o | cosBniss| < 0.95,
e Pr,PYoh > 0.03/s,
e 0.25/s < Eyis < 0.854/s,
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® Pacop > 5°, and

o N, >2.

Here, N, is the number of an isolated photons. The criteria of an isolated photon is described in
section4.1.4. Figures 5.3-5.5 show distributions of Pr, Eyis and ¢,cop for real data and background
Monte Carlo as well as expected stau signal Monte Carlo for AM = 3,20 and M:+ GeV. The plots
of signal Monte Carlo events are shown with arbitrary normalization. These basic cuts reduce most
of backgrounds from two-photon and two-fermion processes. The energy distribution of the most
energetic photon (hereafter referred as the first photon), EI** is shown Figure 5.6. Background dom-
inantly comes from radiative-return tau pair events. A candidate event must finally satisfy the fol-
lowing cuts.

(A - 1) The photon energies are required to be;
e 10 < E}** <90 GeV for the 1st photon, and

° E?Y“d > 5 GeV for the 2nd photon .

Most of radiative-return events are suppressed by the requirement on E2"9.

(A - 2) Most of ISR photons are reduced by the requirement of | cos 97\ < 0.9. A final state radia-
tion (FSR) and a neutral hadron have a possibility to fake high energy photons from the y! decays.
FSR tends to distribute closely around a charged track and a neutral hadron usually a small trans-
verse momentum with respect to a hadronic jet. Therefore, these backgrounds can be reduced by
requiring that each photon has a large transverse momentum with respect to the nearest charged
track, P%ad‘ ;

e P2 > 10 GeV for the 1st photon, and
e Pk > 5 GeV for the 2nd photon.

Figure 5.7 shows a two-dimensional distribution of the P%rvad‘ values of the first and the second pho-
tons.

5.5.2 Analysis B1

The selection B1 works for the neutralino and chargino detection with small AM;

XNz = X2 =G G+ ad,
XD~ XIAWTWT = 9GyG + 9d9d (qatm) -
In the case of small A M, the event multiplicity becomes low due to small phase space for the W* and
Zbosons. As a consequence, most of signal events with small AM are categorized into Category A:
the fractions of events in Category (B) are < 4 %, 3-19 % and 20—40 % for signal with AM =3 GeV, 5
GeV and 10 GeV, respectively. Actually, the number of events categorized to this analysis is small, but
they can be evident signal events with high energetic photons. As far as AM is small, the analysis is

not divided according to the presence of an isolated lepton. This is because the lepton from W+ decay
which follows Y — YYW* is often not identified as isolated lepton due to the small energy.

(B1 - 0) Events must satisfy the following criteria:

e | cosOniss| < 0.95,
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Pr, PF°8 > 0.03 /3,

0.25\/5 < Byis < 0.85/5,

®acop > D°, and

N, >2.

(B1-1) The first and second photons must have large energies. The lower limits on the second photon
can strongly reduce events from radiative-return and four-fermion processes;

e EX*' > 20 GeV for the 1st photon, and

° E%“d > 10 GeV for the 2nd photon.

(B1 - 2) The radiative-return multihadronic events or multihadronic events with double ISR’s still re-
mained. Such backgrounds are reducible by requiring the visible energy excluding the two photons,
E::7, to be less than 50 GeV. The distribution of ES..” is shown in Figure 5.8.

vis / vis

5.5.3 Analysis B2N

This selection is applied for the neutralino production with medium AM;
08— 20 = 4G G + a7
In this case, both photons and jets are energetic.

(B2N-0) To select events with two isolated photons and missing energy, the following cuts are ap-
plied:

o | cosOniss| < 0.95,

o Pp, PVoM > 0.03/5,

0.40 /5 < Eyis < 0.95/s,
® (Pacop > 5°, and
e N, >2.

The range of the visible energy, E\;, is a little higher than that of Analysis B1, as the missing energy
is usually larger than ~ mzo /2.

(B2N-1) There is no isolated lepton, Nj** = 0. The lepton identifications and isolated condition are
described in section 4.1.4 and 4.1.5, respectively.

The qqfv, Standard Model background is still left at this stage, because a lepton from W is not
always recognized as an isolated lepton when a lepton is included in a jet or a tau lepton is mis-
identified.

(B2N-2) When particles are split into two jets excluding photons, both jet masses are required to be
less than 20 GeV in order to reduce the four-fermion background. Figure 5.10 shows the distribution

of the larger jet mass, Mg™.
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Initial state radiation (ISR) can make a Standard Model event a fake signal. Since most of ISR
photons are emitted close to e (e™) beam, they are reduced by |cosf,| < 0.9. Although event in-
cluding ISR with high Py is not irreducible, such an event can be suppressed by requiring another
photon. Dominant background for the second photon might come from a FSR and a neutral hadron,
especially 7°’s. In addition, K{ ’s, neutrons and overlapping neutral particles like K** — K 7% or
K2 — 797 fake a signal photon. A prompt photon emitted from a quark at a large angle before frag-
mentation is not distinguished from signal photon (see Figure 5.9 (a)). On the other hand, photons
like Figure 5.9 (b) and (c), distribute around the original charged particle with small angle. They can
be removed by a requirement on the transverse momentum with respect to the nearest jets, denoted
by PJF;.

(B2N-3) The first and second photons are required to be well separated from any jet;
. P,Jf; > 10 GeV for the 1st photon, and

. Prjfe; > 5 GeV for the 2nd photon,

where jets are reconstructed by Durham Algorithm with k7 = 20 GeV. Figure 5.11 shows the distri-
bution of PJ] for the second photon.

5.5.4 Analysis B3N

In the case of X{X3 production with large AM, a real Z° boson is always produced and two energetic
jets should be observed in the final state. When a photon is emitted to the opposite direction to the
neutralino direction, the photon energy becomes very small due to a large boost factor of the primary
X!. Dominant backgrounds are radiative-return multihadronic events and four-fermion qqfv, events
with the lepton not identified as an isolated lepton.

(B3N-0) To select events with two isolated photons and missing energy, the same selection as (B2N-0)
is applied.

In the large AM case, signal events look very similar to radiative-return multihadronic events,
but photons of the signal events cannot have so large energy as those of the radiative-return events.

(B3N-1) The first photon energy must be less than 60 GeV.

(B3N-2) The most energetic photon tends to distribute in the direction opposite to Z°. The angle
between the Z° direction reconstructed from the two jets and the most energetic photon should be
greater than 110° (¢, _zo > 110°). The distribution of ¢,_zo is shown in Figure 5.12.

(B3N-3) P’* for the first and second photons are required to be;
Ty p q

o Prjfe; > 5 GeV for the 1st photon, and

o P%evt > 3 GeV for the 2nd photon.

5.5.5 Analysis B2C

This selection is employed for signal events where both W’s decay into a quark pair;
XIXT = XIAWTWT = 9GyG + aqgq,
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for chargino with medium AM. W is not produced on-shell and 2-jet sometimes looks like a mono-
jet. A signal event in which one W decays into qq and the other decays into /v might be included in
Category (B) if the lepton is not identified as an isolated lepton.

(B2C - 0) To select events with missing energy and reduce two-photon and two-fermion background
events, the following selection is applied;

e | cosBniss| < 0.95,

e Pr,P¥oh > 0.03/s,

0.40 /s < Eyis < 0.954/s,
® Dacop > 5%, and
° Nn/ > 2.

(B2C - 1) There is no isolated lepton, IV éso =0.

(B2C - 2) At this level, there are still backgrounds from WtW~ — qqqq, WHW~ — qqfp, and
7% — qq. To suppress these backgrounds, different vetoes are applied according to the number of
jets which is defined with M2 < 15 GeV.

jet
e Njt =4: When an event is identified as 4-jet, the four jets are grouped into two pairs of jets so
that the masses of the two jet pairs are close to my by minimizing the following value;

(Mij — Mw)? + (My — Mw)? 0,5k, 1=1,2,3,4.
The angle between the two jet pairs should be less than 150°.

e Nj, = 3 : In the case of 3-jet, two jets are chosen among the three so that the invariant mass of
the two jets is close to my. The vector ﬁl is defined as the momentum sum of the two jets,

while P, is defined as that of the remaining jet and the missing momentum. The angle between
ﬁl and ﬁg must be less than 150°.

e Njct =2: The sum of three opening angles among ?1, T’)Q, and the direction of the first photon,
®xiopen, 18 required to be less than 356°.

Figure 5.13 shows the distribution of ¢xpen for events classified as two jets.

(B2C - 3) Both photons should be far from any jets;

. P;ifevt for 1st photon > 10 GeV, and

. PJF; for 2nd photon > 5 GeV.

Here, jets are reconstructed with k7 = 15 GeV.

5.5.6 Analysis B3C

The background situation becomes worse as AM increases. The final state of chargino pair produc-
tion with large AM is similar to that of the W W~ production.

(B3C - 0) At first, the following selection is applied, which is the same as that of B2C;

e | cosBnpiss| < 0.95,

68



Pr, PF°8 > 0.03 /3,

0.40 /5 < Byis < 0.95/5,

®acop > D°, and

° N,y > 2.
(B3C -1) There is no isolated lepton, N, éso =0.

(B3C -2) In order to reduce radiative-return multihadronic events, the first photon energy must be
less than 60 GeV.

(B3C - 3) To reduce the background from the qqfv, Standard Model processes, well-separated four
jets are required. When particles are split into four jets using Durham algorithm, k7 should be greater
than 4 GeV. Figure 5.14 shows the k; distribution when particles are reconstructed as a 4-jets event.

(B3C - 4) Loose cuts on P;ifevt are applied because signal photons cannot have large energies;

. P%evt > 5 GeV for the 1st photon, and

. PJF; > 3 GeV for the 2nd photon.

Here, jets are reconstructed using Durham algorithm with k7 = 15 GeV.
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Figure 5.8: The distribution of visible energy excluding the two photons after applying all other cuts;
(a) for data and background Monte Carlo, and (b) for chargino signal with AM =3 GeV (solid line), 5
GeV (dashed line) and 10 GeV (dotted line).
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Figure 5.9: The three regimes for photon radiation off the final quarks for (a) large angle emission, (b)
small angle emission and (c) emission of photons at limited transverse momentum p; = O(Aqcp).
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Figure 5.10: The distribution of the maximum jet mass is shown after splitting particles into two jets;
(a) for background Monte Carlo and data, (b) for neutralino signal with AM =40 GeV (solid line), 70
GeV (dashed line) and 110 GeV (dotted line).
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Figure 5.11: The distribution of photon’s transverse momentum with respect to the nearest jet for
second photon; (a) for background Monte Carlo and data, (b) for neutralino signal. The lines in (b)
are the same as Figure 5.10.
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Figure 5.12: The distribution of the angle between Z’direction and the most energetic photon is
shown; (a) for background Monte Carlo and data, and (b) for neutralino signal with AM=150
GeV (solid line) and 190 GeV (dashed line).
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Figure 5.13: The distribution of the sum of opening angle among two jets and the first photon; (a) for
background Monte Carlo and data, and (b) for chargino signal with AM = mg+ /2 GeV (solid line),
myg+ — 30 GeV (dashed line).
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Figure 5.14: The kr distribution when particles are split into four jets is shown (a) for back-
ground Monte Carlo and data, (b) for chargino signal with Myt — 20 GeV (solid line) and Myt — 10
GeV (dashed line).
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5.5.7 Analysis C1

This selection is employed for the Xi 7 production where one W decays into lepton plus neutrino
and the other decays into a pair of quarks;

XTXT — XIXIWHTW™ — 4GAG + qalwy .

This analysis is optimized to chargino events with medium AM.

(C1 - 0) The following cuts are applied at first;
o | cos Opiss| < 0.95,

e Pr,Pyoh > 0,03/,

e 040/s < Eyis <0.95/s,

® Dacop >5°, and

o N, >2.

(C1-1) An event is required to have at least one isolated lepton.

(C1 - 2) Excluding the two photons and the most energetic isolated lepton, the remaining paricles are
split into two jets using Durham algorithm. To require the photons apart from the other particles (a

jet or a lepton), cuts are applied on PJTeA:/ PN 5 the two photons;
. Prjfe;/ 1PN for the 1st photon > 10 GeV, and

. P%evt/ 1PO" for the 2nd photon > 5 GeV.

(C1 - 3) Events from the qq¢7, Standard Model process still survive the above selection. In the case of
chargino with medium AM, W is virtually produced. Cuts on the energy of the isolated lepton and
the invariant mass of the two jets;

® Flepton < 40 GeV and M;; <70 GeV
are useful to reduce the remaining background. The distributions of the Ficpion versus M;; for the

qq/v, background, data, and the simulated chargino events are shown in Figure 5.15.

5.5.8 Analysis C2

For the chargino with a large AM, it is difficult to tell the signal from the background, as the signal
event, is very similar toa WHW~ — qqli, event.

(C2 - 0) The following cuts are applied at first;
e | cosOpiss| <0.95,
e Pp, PYoh > 003/s,
e 040./s < Fyis <0.95/s,

i ¢acop >5° ’ and
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o N, 2>2.

(C2 - 1) Events must have at least one isolated lepton, Nj*® > 1. Additionally, the lepton energy is
required to be greater than 5 GeV.

(C2 - 2) Excluding the two photons and the isolated lepton, particles are devided into two jets using
Durham algorithm. The transverse momenta of the photons with respect to the nearest particle (a jet
or a lepton) should be large enough;

. P%evt/ lepton . 5 GeV for the st photon, and

. P%e;/ ePton . 3 GeV for the 2nd photon.

(C2 - 3) Finally, a veto is applied to reduce WHW~ — qqliy events. The angle between the two
reconstructed W’s should be less than 170°.
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Figure 5.15: The distribution of Fiepton Vs. M;j; (a) for data (star) and qqlv, background Monte Carlo,
and (b) for chargino signal Monte Carlo with AM =20 GeV. The plots of background and signal Monte
Calro events are shown with arbitrary normalization.

5.6 Candidate Events

In this section candidate events of this search are reported in the OPAL data sample collected in 1999
and 2000. The table 5.2 summarizes all candidates and the corresponding analyses. The numbers of
observed candidates and the expected Standard Model background are shown in Table 5.3 for each
analysis. An interpretation is given below for each candidate within both the Standard Model and
Supersymmetry.

Candidates in Category A

Analysis A is employed for the topology “photons plus leptons with missing energy”. Two events sur-
vive Analysis A, while 2.2 events are expected from the Standard Model source. Table5.4 summa-
rizes characteristic variables of the candidate events. They are shown in Figure 5.16 and Figure 5.17,
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respectively.

The event (#run=12998 , # evt=41774) has the two charged tracks, which are identified as a muon
and an electron, respectively. Therefore, it can be a signal of 7, 7, , X7 X1 or X}X3 production consid-
ering the lepton flavors. The other candidate (# run=13452 , #evt=13908) has two muons, and can be
considered as a signal of any process except ¢ €; events. If they are signals with the GMSB scenario,
SUSY particles with medium AM are suitable considering of the lepton and photon energies.

Within the Standard Model, they can be interpreted 79 — 7T~ with double ISR’s or ISR/FSR.
The recoil mass of two photons M .2 is a little larger than myo (see Table5.4) in both candidate

recoil

events. Considering these two photons as ISR’s, the third ISR photon may have escaped to the beam
pipe.

Candidates in Category B

Five different analyses, Analyses B1, B2N, B3N, B2C and B3C are employed for the signal topology
of “photons plus jets with missing energy”. In any analysis, the number of observed events is consistent
with the expected number from the Standard Model processes within statistical fluctuation.

The event (#run 15894 , #evt 40261) survives Analysis B2N, B3N and B2C, and it is shown in Fig-
ure 5.18. The first photon is identified as a conversion photon. Within the Standard Model, this event
might be interpreted WHW~ — qqe~v,, where the electron interacts with materials and radiates a
photon followed by a photon conversion. Figure 5.19 shows an enlarged view of CJ region. There is
one track with silicon hits around conversion tracks and it is considered as electron. The second pho-
ton (£,=11.3 GeV) might be radiated from the electron. The reconstructed mass of the other particles
is 71.6 GeV.

The event (#run 12193 , #evt16571) shown in Figure5.20 is a candidate selected with Analy-
ses B2C and B3C. In this event, three hard photons are observed. The ECAL3 (see Figure 5.20) may be
a photon radiated from the electron (CTR1) because ECAL3 direction is tangential to an arc of CTR1
track. The ECAL1 might be a neutral hadron or FSR since the reconstructed mass of ECAL1 and jets
is near to myy. Considering the origin of ECAL3 and the reconstructed mass being close to myy, this
event can be considered as WTW~ — qqe 7, with ISR (ECAL2).

The event (# run 12456 , #evt 60091) is selected with Analysis B2C. There is a large uncertainty on
the energy measurement. One reason is that the event has a considerable energy deposit in HCAL,
and the second reason is that there is a possibility of some particles going through to the beam pipe
direction since there is an activity of the forward detecor (1.5 GeV). Taking account of the uncertainty
of the energy measurement, the event might be a radiative-return multihadronic event and the sec-
ond photon comes from a neutral hadron.

The event (#run 11623 , #evt 40904) is selected as a candidate with Analyses B2C and B3C. The
recoil mass of the two photons is 88.6 GeV. Probably, this event comes from a multihadronic event
with double ISR’s.

The event (#run 15301 , #evt 6597) results from Analysis B2C. It might be from WTW~ — qqev
followed by photon radiation from electron.

The event (#run 11235 , #evt 74747) is selected with Analysis B2C and B3C. It can be considered
that this event arises from WTW~ — qqrv process. The reconstructed mass of JET1 and JET2 is

2The recoil mass of two photons is defined as M7 | = \/(Eys — Bt — E20d)2 _ (Blst 4 P2nd)2

recoil
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61.4 GeV. The difference from my might come from JET1 which directs forward and is not measured
correctly. The mass of JET3 is 4.5 GeV and a little larger than a mass of tau-lepton. The second photon
can be considered as FSR or a neutral hadron.

Candidates in Category C

No candidate is found by any analysis in Category C. The numbers of expected events from the
Standard Model processes with Analysis C1 and C2 are 0.2 and 0.9, respectively.

Vs #run | #event | A B C
(GeV) A | Bl B2N B3N B2C B3C | Cl (2

2064 | 15894 | 40261 J v

206.3 | 15301 | 6597 V

2054 | 13452 | 13908 | /

2049 | 12998 | 41774 || /

199.7 | 11623 | 40904 Vv Vv

199.6 | 12193 | 16571 Vv Vv

199.6 | 12456 | 60091 Vv

199.6 | 11817 | 47964 Vv

1916 | 11235 | 74747 NV,

Table 5.2: Candidates selected in Category A,B and C. A tick indicates the analysis in which the
candidates are found.

| | A | Bl | B2N | B3N | B2C | B3C | C1 | C2 |
Mobs || 2 0 1 1 6 4 0 0
Nexp || 22 | 02 27 15 4.1 1.8 0.2 0.9

Table 5.3: The numbers of observed events and expected events in the Standard Model are shown for
each analysis in Category A, B and C.

#run | #evt | /s Py Ey M E. (GeV) P%?Ck (GeV)
(GeV) || (GeV/¢) (GeV) (GeV/c?) | 1st 2nd | 1st 2nd

12998 | 41774 | 2049 | 377 |e(20.1), u(145)| 1198 |551 222|371 218
13452 | 13908 | 2054 || 338 | u(37.7), u(9.6) | 1034 |42.0 401|328 373

Table 5.4: The characteristic event variables of the two candidates.

5.7 Systematic Uncertainties

There is no significant excesss from the number of expected events with the Standard Model. There-
fore, the results can be translated into upper limits on the signal cross-sections. The systematic un-
certainties of the upper limits depend on those of the integrated luminosity and the signal efficiency.
However, since the error on the integrated luminosity is only ~ 0.5 % and thus totally negligible, the
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Run:event 12998:41774 Ctrk ( N= 2 Sum P =34.6 GeV/c)

Ebeam 102.46 GeV Vitx ( -0.02 ,

ECAL (N=15 SumE= 99.2GeV)
004, 042 ) HCAL (N=2 SumE=27GeV) Muon (N=1)

Side view - plane of Thrust axis.

E> 222 GeV

Pris
/

' E; 55.1 GeV || Phi-298. |
== /

I/"

!
5]
-

Side view - plane perp. to Thrust

Figure 5.16: The candidate (#run=12998 , #evt=41774) selected by Analysis A.
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Run:event 13452:13908 Ctrk ( N=2 Sum P =469 GeV/c) ECAL (N=10 SumE= 842GeV) '
Eveam 102.70GeV Vitx ( -0.02, 004, 046 ) HCAL (N=4 SumE=29GeV) Muon (N=5) ( ]

Side view - plane of Thrust axis.

Y E1 42.0 GeV || Phi-13L /
E> 40.1 GeV i )y
—

Phi - 4.

X-y view Side view - plane perp. to Thrust

Figure 5.17: The candidate (#run=13452 , #evt=13908) selected by Analysis A.
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Run : event

15024 : 40261 Ctrk ( N=36 Sum P =64.1GeV/c) ECAL (N=39 SumE=1243GeV)

Ebeam 103.20 GeV Vitx ( -0.01 ,

0.02, 136 ) HCAL (N=5 SumE=65GeV) Muon (N=0)

Side view - plane of Thrust aixs.

Phi - 321

Phi - 231

42.3 GeV s
£
1\ 3

zid

X-y View

Side view - plane perp. to Thrust

Figure 5.18: The candidate (#run=15894 , #evt=40261) selected in Analyses B2N, B3N and B2C.
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Figure 5.19: The candidate (#run=15894 , #evt=40261) selected by Analyses B2N, B3N and B2C. The
tracking detector region is enlarged.

systematic studies concentrate on the evaluation of the uncertainties of the detection efficiency.

5.7.1 Uncertainties for an isolated photon identification

Both a modeling of photon emissions and the detector simulation can be considered as the potential
sources of systematic uncertainties. For the isolated photon selection, following uncertainties can be
considered;

e Photon radiation rate and energy distribution depend on a treatment for QED corrections,
o Losses due to the isolation requirement depend on the fragmentation,

o Contributions of isolated neutral hadron depend on fragmentation and hadronization, and
e A conversion photon identification depends on the detector simulation.

Although these are independent to each other, it is difficult to evaluate these uncertainties separately.
Here, the differences between the data and the Monte Carlo simulation on selection efficiencies of the
isolated photon.

Uncertainty on the isolation due to fragmentation

The systematic error associated with the isolation requirements depends on the accuracy of the Monte
Carlo simulation of the fragmentation process in hadronic jets. This is checked by using multi-
hadronic events recorded around the Z° peak during the 1999 and 2000 runs. At first, the following
selection criteria are applied to select multihadronic events;

i Z:E?rauw/\/g >0.1,
o |> FErawcosO|/ > Eraw < 0.65,
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Run:event 12193:16581 Ctrk ( N=14 SumP=52.0GeV/c) ECAL (N=39 SumE =136.8GeV)
Ebeam 99.73GeV Vitx ( -0.05, 0.06 , 096 ) HCAL (N=8 SumE=9.7GeV) Muon (N=0)

Side view - plane of Thrust aixs.

Phi-118
ECAL1 %
30.1 GeV S 7 =
\\\ P
>F
/- S0
Phi - 28
ECAL2 /7
27.9 GeV\‘ Bl Ll
—é T
X

Side view - plane perp. to Thrust
X-y view

Figure 5.20: The candidate (#run=12193, #evt=16571) selected in Analyses B2C and B3C.

81




e the number of good ECAL clusters > 7,
e the number of good charged tracks > 5, and
o M, > 60GeV,

where, E,,, is the ECAL cluster energy without correction. For each selected event, the ineffi-
ciency of the isolation requirements is determined for random orientations of the isolation cone and
parametrized as a function of the angle between the cone and the nearest jet (Figure 5.22). Here an
isolation requirement is F15 < 2 GeV. For all the jet-cone angles the inefficiency in the Monte Carlo
and the real data agree to ~ 1%. Consequently a 1 % systematic error is assigned.

Uncertainty on the photon candidates.

In the high multiplicity events, photons radiated by quarks and hadrons are dominant backgrounds
as well as ISR. ISR is treated with O(a®L?) accuracy while the treatment of FSR is performed by
JETSET showering algorithm, which cannot reproduce hard photons. Data collected around Z° is
useful to study FSR because ISR is suppressed due to the Z° resonance. The error on the selection
efficiency of isolated photons is studied using a large amount of data sample around /s = 91 GeV
collected in 1992-1994.

To select well-measured multihadronic events and to remove two-photon events, following se-
lections are applied;

® > Eraw/Vs 201,
| 3= Eraw €08 0|/ 3= Eraw < 0.65,

the number of good ECAL clusters > 7,

the number of good charged tracks > 5,

M,is > 60 GeV, and

| cos Oyprust| < 0.8.

The condition on photon isolation used in “photons plus X with missing energy” analyses are;
o I/, >3GeV,
e |cosf,| <0.9,and
o Fi5 <2GeV.

Figure 5.21 shows the difference of the number of isolated photon candidates between the real data
and the Monte Carlo simulation for photons with Prj&t > 10 GeV. The errors include the differences
with some kr values as well as the statistical errors. There is ~ 20 % excess in the real data for photon
with F, <20 GeV. As a result, a 20 % systematic error is assigned.

5.7.2 Statistical uncertainties

The uncertainties are estimated due to the limited statistics of the signal Monte Carlo samples and
also due to the accuracy of the efficiency parameterization used to derive the limits. For chargino
detection, the detection efficiency e (mﬁ, ADM) has a statistical uncertainty

be_ 4 |0 m), (5.1)

€ n
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where ny is the generated number of events and 7 is the number of events passing all the cuts. The
% for arbitrary values of rn+ and AM is estimated by interpolation. The statistics and interpolation

errors are typically 3-10 %. '

5.7.3 Modeling of the cut variables

The modeling of the cut variables is estimated by comparing the efficiencies when each cut variable
is shifted by a possible error. This error in corresponding distribution is determined by studying
the differences between the Monte Carlo and data collected around the Z° resonance in 1999 and
2000. The systematic errors on the expected number of background events and signal events are
summarized in Table 5.5 and Table 5.6, respectively.

§ Z: g: SO aPTJ etp> :Oo(r;ei;/an laates :g
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Figure 5.21: The difference between the real data and the Monte Carlo simulation on the number of
photons identified as isolated photon.

Analysis A | Analysis B1 | Other Analyses
Acoplanarity angle 3.0% 3.3% 3.9%
Visible energy 2.8% 4.9 % 6.2%
Photon energy 4.0% 3.2% 5.8%

Table 5.5: Systematic uncertainties on the modeling of each cut variable for simulated background
Monte Carlo events.
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Figure 5.22: The number of photons with F15 < 2 GeV as a function of the angle between the cone
center axis and the nearest jet for data (dot with error bar) and Monte Carlo simulation (open his-
togram). The upper plot shows the difference between the real data and the Monte Carlo simulation.
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Analysis A | Analysis B1 | Other Analyses
Acoplanarity angle 1.9% 1.9% 3.4%
Visible energy negligible negligible 2.8%
Photon energy negligible 0.6 % 2.3%

Table 5.6: Systematic uncertainties on the modeling of each cut variable for simulated signal Monte
Carlo events.

5.8 Limits on the production cross-sections

Since no significant signal has been found, these results can be translated to limits on the production
cross-sections of X1 X1 , X1x9 and Zf?f Model independent upper limits are obtained at 95 % C.L. for
the production cross-sections. This is done first for Y] Y] assuming the decay mode Y — X)W+,
The upper limits are determined from the observed numbers of events, the signal detection efficien-
cies and their uncertainties, and the numbers of expected background events and their uncertainties.
This set of parameters, necessary to set the cross-section upper limit, are calculated at each energy
bin for each analysis category. To obtain this limit at a given ( Myt m;tl)) ,( My, Mg ) or ( Mg, M=
) point, the independent analyses are combined using the likelihood ratio method [38]. The combi-
nations are depending on a production process and AM, and they are summarized in Table5.7. This
method combines the independent analyses by assigning greater weight to the analysis which is ex-
pected to have greater sensitivity.

Contours of the 95% C.L. upper limits for the Y X7 cross-sections are shown in Figure5.23 as-
suming xi — X{W®)* with 100 % branching fraction followed by the prompt decays Y{ — 7G. The
Standard Model branching fractions are used for the W*) decay. Although these limits do not de-
pend on the details of Supersymmetry models considered, a “typical” field content of the gauginos
is assumed, leading to particular production angular distributions that are subsequently used in es-
timating detection efficiencies. The variation of the efficiency is found to be less than 5 %.

Similar contours of the upper limits for the X{X3 cross-section and 7{" 7, cross-section are shown
in Figure5.24 and Figure 5.25, respectively. In either case, X! is assumed to decay into G imme-
diately. For x9%9 production, it is also assumed that X3 decays into )Z?ZO(*) with 100 % branching
fraction.

Production small medium large
process AM AM AM
ey A
1
T X1 A+B1 A+B2C+Cl1 A+B3C+C2
3GeV<AM <20GeV | 20GeV < AM < mgt - 30 GeV me - 30GeV < AM < Mt
X A+B1 A+B2N A+B3N
3GeV < AM < 40GeV 40 GeV < AM <110 GeV 110 GeV < AM < 180-190 GeV

Table 5.7: Combinations at calculating upper limits on production cross-sections. For X{X9, the maxi-
mum value of AM depends on the cms energy. The definition of small, medium and large is ditferent
in X{'X; and X{X5-

85




0.035 pb

0.07 pb 0.10 pb i

m 1 1
100 110

0 o
m (x)) [GeV]

1 1 1 1 1 1 l 1

80

Figure 5.23: Limits at the 95 % C.L. for the production cross-section of ete™ — %fif at /s =208.0
GeV are shown, assuming the decays X3 — X{W**) followed by the prompt decays X — vG. The
dashed line indicates the kinematic limit.
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Figure 5.25: Limits at the 95 % C.L. for the production cross-section of e*e™ — 7, 7, at /s =208.0
GeV are shown, assuming the decays 7= — 7%x! followed by the prompt decays X} — 7G. The
dashed line indicates the kinematic limit.
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Chapter 6

Interpretations in the minimal GMSB
models

In this chapter, interpretations with the minimal GMSB models are given based on the experimental
results. The other results also should be combined to obtain the best limits on the model parameters.
Unfortunately, there are many missing results at 192-209 GeV. In this section, interpretations are
performed with the some old results obtained at cms energy of 189 GeV.

6.1 The minimal Gauge-Mediated Supersymmetry Breaking model

The minimal Gauge-Mediated Supersymmetry Breaking models (MGM) are the simplest phenomeno-
logical GMSB models. Any minimal model is specified in terms of six parameters

A, Ny, M, tanf, sgn(u) , Ceray (6.1)

defined in section 2.1.

The phenomenological meaning and theoretical bounds of the MGM parameters can be summa-
rized as follows:

e A :The mostimportant parameter is A, which sets the scale of the SUSY breaking in the observ-
able sector. Supersymmetric particle masses are typically smaller by a one-loop factor than A,
with coefficients completely determined by the particle gauge quantum numbers. The param-
eter A should be larger than several TeV so that Higgs boson has a correct vacuum expectation
value.

e M : The messenger scale M affects on supersymmetric masses logarithmically from their renor-
malized group evolution. The M should be larger than A, and well below the Mgyt to guaran-
tee flavor-invariant supersymmetry breaking mass terms.

e N, : N, is the messenger index (see section 2.1). The maximum number of V,,, can be bounded
by requiring that the gauge interactions remain perturbative up to the GUT scale, although this
bound depends on M; for M = 100 TeV, N,,, < 5, while for M = 10'° TeV, N,,, < 10.

e tan 3 : The ratio of the Higgs vacuum expectation values, tan 3, affects on the mixing angles
between left- and right-handed sparticles, especially the third generation sparticles. The upper
value is limited by a positiveness of mass squared of the lightest stau.

e sgn(u) : The size of ;1 can be computed from the condition of the correct electroweak breaking;

2
2 Mgo
K > " tan?p_1
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and the sign of y is still a free parameter. The parameter ;i is roughly (electroweak scale)?.

® Corav : Cgray is the ratio of the intrinsic SUSY breaking parameter (/) to the messenger sector
SUSY breaking parameters (F). It controls the coupling to the gravitino.

The parameter Cgr,y is an independent parameter of the others, and it is set to be small enough so
that the NLSP decays into the LSP promptly. In the MGM with prompt decay NLSP, the number of
free parameters is reduced to five.

Experimental results described in the next section can be interpreted within the framework of the
MGM.

6.2 GMSB signatures

Assuming the MGM with prompt decaying NLSP, the topologies expected in GMSB models are char-
acterized by the nature of the NLSP. Generally, following three situations can be considered’;

e neutralino NLSP,
e slepton co-NLSP (mz ~ mg ~ mj), and
e stau NLSP (mz < me, mp).

Production and decay processes used in the interpretation are summarized in Table6.1. In the
following paragraphs, each topology is presented briefly.

Search for Y{x! (Y} NLSP)

A pair of the lightest neutralinos is produced through s-channel exchange of virtual Z" and ¢-channel
exchange of selectron, which are constructive to each other. The parameter y, extracted from the elec-
troweak breaking condition, typically turns out to be larger than mgo: that is, the lightest neutralino
is almost Bino-like. The contribution of ¢-channel exchange is larger than s-channel because the tri-
linear coupling of gauge boson is not allowed. In case of X9 NLSP, Y} decays into vG with 100 %
branching ratio if R-parity is conserved;

ete” — XX > GG

One can observe acoplanar photons with significant missing energy in the final state [35].

Search for Y{x9 (Y NLSP)

The second lightest neutralino X3 can be produced through an s-channel Z°, or by ¢-channel selec-
tron exchange. The cross-section for x{¥3 production is much lower than that of i x; production
although Y9 and Xi are almost degenerate in the MGM prediction. The %3 will decay into Y{v7,
X0~ or Y)qq followed by ¥ — ~G;

ete” — XX — XINIZ° = GG +aqor €70,

The direct decay process X3 — Gr is also possible but this contribution is small. The detail of this
analysis is described in Ref. [37].

'In some restricted parameter regions, “slepton and neutralino co-NLSP” case (mz ~ m; ~ mg ~ mz) and me, mz >
mg > ms case are also possible.
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Search for Y)x9 (/ NLSP)

In case of slepton NLSP, the neutralino pair production may result in the 4-lepton with missing en-
ergy signature; o o

ete” = VWX = et 00t — 0T 0TGG.
The decay mode of ) — (=07 competes with X — ~G. The relative strength depends on the

gravitino mass, the mass difference between ! and 0, X3 parameters, and tan 3. Generally, this
process can dominate over the decay process X} — G unless Mgo — My < My

If my ~ my ~ my, called ’slepton co-NLSP’, selectron and smuon channels are more useful to
exclude a parameter space than stau channel because the analyses of former channels usually have
a better sensitivity. As tan 3 becomes large, 7i is lighter than &; and fif, and stau channel can give
more severe restriction on theoretical parameters than other slepton channels [37].

Search for charginos (Y NLSP)

If charginos exist and are sufficiently light, they will be pair-produced through virtual ~ or Z° boson
in the s-channel. There is an additional production process through electron-sneutrino, . exchange
in the ¢-channel. The production cross-section is large unless the sneutrino is light, in which case the
cross-section is reduced by destructive interference between them. The details of the chargino decay
depend on the parameters of the mixing and the masses of the sfermions. The lightest chargino x;
can decay into Y¢*v, or x)q@/, via W), slepton ¢, sneutrino 7, squark ¢ or WT*G. In much of the
MGM parameter space Y; decays via a virtual W are dominant;

ete™ — %?29W+W7 — 'yé”yé + qqqq or qqfvy or £+I/ggil?g .

Here, it is assumed that Y decays into %?WJF(*) by 100 % branching ratio [37].

Search for sleptons (/ NLSP)

The lighter smuon if and stau 7;" are pair-produced through s-channel exchange of virtual v and
Z°. These cross-sections are almost determined by superparticle masses and does not depend on the
mixing angles between left- and right-handed states very much. On the others hand, neutralino-
exchange in the t-channel can contribute to the production for the selectrons production. The cross-
section is not uniquely determined by mass of selectron and the mixing angle, but depends also on
the neutralino parameters M», ;1 and tan 5. In case of slepton NLSP, the experimental signature is
acoplanar leptons with significant missing energy;

ete™ = (Y0t — (Y- GaG.
The topological analysis for acoplanar leptons with missing energy is reported in Ref. [36].

Search for sleptons (Y} NLSP)

In case of the lightest neutralino NLSP, of decays into Y¢* followed by X0 — ~G. The experimental
signature is photons plus acoplanar leptons with missing energy;

ete™ = 007 — 0™ — AGHG + 010,

The analysis is reported in Ref. [37].
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Search for sleptons (7! NLSP)

If the lightest neutralino is too heavy to be produced and the lightest stau is significantly lighter than
other sleptons, the 6-lepton final state with missing energy may contribute via

ete” = 0T 0P i s 0ttt Gt G (0 =8 ).
For small tan 3, a mass difference between stau and other sleptons is small, and it is difficult to detect
electrons(muons), which arise from selectron(smuon) decays. The detail of this analysis is presented

in Ref. [37].

| NLSP | Production | Decay mode | Expected topology ‘

% ete™ — XX} X — G Acoplanar photons
efe” — XIX% X3 — X Z° Acoplanar photons + jets or leptons
ete” = X7 x; XL — X{WE | Acoplanar photons + jets and /or lepton(s)
ete” — (T0~ £ — Pt Acoplanar photons + leptons

(R ete” — (hig (7 — (*G Acoplanar leptons

co-NLSP | efe™ — x{x} Xy — (50T four leptons
T ete —epen(ihin) | ep — eX7i 7T | Sixleptons(rT 7 T eTe (uTp))

Table 6.1: Production and decay process with GMSB are summarized. Six lepton process is special to
the stau NLSP case, but processes listed in a column, the slepton co-NLSP case, are dominant in the
stau NLSP case.

6.3 Methodology

In the GMSB models, Egs.(2.8, 2.9) serve as boundary conditions at the messenger scale (M -scale) for
renormalization group evolution of SUSY quantities from the A/-scale down to my o scale. In order to
obtain gaugino and scalar particle masses at the M-scale, we need the gauge and Yukawa couplings
at the M-scale. Therefore, at the beginning, we evolve the gauge and Yukawa couplings up to the
M-scale. For gauge couplings at myo scale:

Qe (Mz0)
ap =
4 cos? Oy
Qlem (Mz0)
Qy = —5
47 sin” Oy
B TQem(myo)
a3 =

127(5sin? Oy — 1)

where aem(myo) = 1/127.89 and the o is calculated from the GUT condition. For Yukawa couplings,
we make use of simple relation between quarks and leptons mass matrices and Yukawa matrices:

0 O
2 M
oo 22 (e,
v sin 3 0 0 m
0 0
2 M
Yy, = 4L(O my 0>’
v cos (3 0 0 my
0 0
2 Me
Yg = #(0 my, 0)
v cos 3 0 0 m.
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In above formulae, v = /v2 + U?i = 246 GeV, where v,, and v, are up- and down-type Higgs VEVs,
respectively.

After setting up those initial conditions, we evolve the gauge and Yukawa couplings up to the M-
scale using the Standard Model renormalization group equations (RGE’s) below SUSY mass thresh-
old. At the first step, it is set to be 1 TeV, and MSSM RGE's is used above that scale:

doy
— =b;a?
dt al )

where t = log @, and (b1, b2, b3) = (41/3,—19/3, —14) for the Standard Model RGE’s, while (b1, bo, b3) =
(22,2, —6) for SUSY RGE's.

This procedure allows us to calculate boundary conditions for gaugino and scalar masses at the
M scale. After that, we make parameters run down to the myo scale. During this evolution, the
threshold corrections of SUSY particles are considered with step functions. The squared mass of
up-type scalar Higgs is driven to negative due to a large top Yukawa coupling contribution, which
causes the radiative electroweak symmetry breaking. At myo scale, the gaugino and scalar masses
are computed based on mass eigenstates (see Appendix A).

The values of ;1 and By are obtained by minimizing the tree-level Higgs potential;

Vo = mi|Hg|* +m3|Hy|* +m3(ei; Hy HY + h.c.) +

2 2
BB (HYP? — |HPP + Sl HY HY P, (63)

where m?, = m%, + u?, mj = By, and phases of fields are chosen so that mj is negative. Having
those quantities, we can calculate the low-energy mass spectrum of the model, which is necessary in
order to find the proper values of ; and By coming from the full one-loop Higgs effective potential.
Thus, in the next step, we perform the RGE evolution of all the parameters up to the M-scale, set
the initial conditions for gauginos and scalars once again, and then evolve everything back to mzo
scale. Next, we perform the RGE evolution up to the scale Q = | /m; mz,, which is the best scale for
minimizing the full one-loop Higgs scalar potential:

up = Mo | M S AT (6.4)
2 tan? 3 — 1 ' ’

—Bu = (2M2+m§{u+m%{d)sinﬂcosﬁ+AT2/v. (6.5)

where one-loop contributions of 7 and 75 are given in Ref.[51]. In order for the Higgs bosons to
acquire the vacuum expectation values and have the physical masses,

(Bu)* > (lul? +mig,) (ul® +mi,) (6.6)
2

2 2

2B < 2+ mi, +mi,. (67)
are required. After the radiatively corrected values of By and p are obtained, we evolve all the
quantities down to myo scale to find the mass eigenstates of MSSM particles once again. We repeat
this procedure a few times to have a stable solution for By and p.

All necessary parameters are obtained at myo scale for computing production cross-sections and

decay widths. The computation of these quantities is performed using SUSYGEN [49]. The investi-
gated parameter space is summarized in Table 6.2.
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Input parameters
/\, M, Nm, tanB, sgn( l.l), Cgrav

private program

gauge and Yukawa couplings

Higgs parameters (B, H)
physical masses for gauginos and scalars

evoluve all quntities to m zscale by RGE’s

SUSYGEN

production cross-sections
decay widths

Figure 6.1: An Outline of the method of the interpretation with the MGM.

| Parameter | Lowervalue | Upper value |
A 10.0 TeV 200.0 TeV
tan 8 2.0 50.0
M 1.01 A, 250 TeV, 10° TeV
sing of - ‘ +

Table 6.2: The investigated parameter space of the MGM.

6.4 Lower limiton A

In the context of the MGM, it is relevant to put a lower limit on the parameter A which determines
a mass scale of SUSY particles. As the relation between the SUSY particles and A depends on IV, a
limit on A is provided for each N,,. The parameter tan g is also important because it determines the
mass relation among sleptons and the lightest neutralino, namely the NLSP type and decay modes.

In Figure 6.2 exclusion limits on the A versus tan 3 plane are shown for differnet values of V,,,.
Theoretical inaccessible region is restricted by unphysical sparticle or Higgs masses (m? < 0) and
the incorrect electroweak symmetry breaking (Eqgs.(6.6, 6.7)). Three lines in each plot show excluded
region with different M. As M becomes smaller, sfermions become lighter and gauginos become
heavier due to the functions f(x), g(z) (see Egs.(2.11, 2.13)). The result from acoplanar photon search
(Xx%) — 7G~G) has the largest potential to restrict the parameter space in case of small N,,, and small
tan 3. In other region, the constraint from acoplanar tau search (7;'7 — 77 G7~G) dominates over
others. The lower limits on A with different NV,,, are summarized in Table 6.3.

‘ Np, ‘ lower limit on A (TeV) ‘
1 48
2 31
3 22
4 19

Table 6.3: The lower limit on A for each N, in the case of the MGM with prompt decaying NLSP (95 %
C.L.).
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6.5 Lower limit on the NLSP masses

The parameter tan 5 determines the NLSP type and its property. Therefore, results are presented
on ) and 7~'1jE mass plane for tan 3 = 2 and tan 8 = 20. The former case corresponds to “slepton
co-NLSP” case while the latter corresponds to “stau NLSP”. In the case of tan 5 = 2, the excluded
region is shown in F1gure6 3(a). The “theoretically inaccessible” region indicates that such a mass
relation between X1 and T, 7'1 is not reahze within the MGM (1 < N,;, < 4). The dominant “exclusion”
channels are X)X — 'yGyG and z 3y g — ;ﬁGu G. In the case of tan B = 20, the result is shown in
Figure 6.3(b). The x{x) — ~7G~G channel remains powerful, and 7" means that only the 77, —
7+G7~G channel contribution is significant. Finally, 95% C.L. limits can be derived on the NLSP
masses, which is summarized in Table 6.4.

| tan3 | X! mass | ¢}, i}, mass | 7" mass |
2 85 GeV 83 GeV
20 | 76GeV | 83GeV | 69GeV

Table 6.4: The 95 % C.L. lower limits on the NLSP masses; (a) for tan 3=2 (slepton co-NLSP case) and
(b) for tan B=20 (stau NLSP case).

95



50

@ Nm=1, U<0
o 45F
£ | OPAL
40? Theoretically
35? Inaccessible
30F
25F A
20F Excluded
15F '
10 |
5F ‘ H
b e b b B P e b b
0 10 20 30 40 50 60 70 80 90 100
AN[TeV]
~ 50 [
2 | Nm=3, <0
g 45F ST
- EOPAL T
40 |
S,
B & 29
3/ gL ;
[ q,oé‘zz’ 7
30f &
25 F
20
15 F
10 f
5 PR I O S AR AN RN RN BTN B
0 10 20 30 40 50 60 70 80 90 100
N[ TeV]

tan(p)

tan()

50

45

40f

30f
25
20f
15}

10}

35

[ Nm=2, <0
- OPAL

Inaccessible

Theoretically

PRI S ISR AR VN AT A
0 10 20 30 40

50 60 70

80 90 100
N[ TeV]

50

45F

40

35

30

25

20

15

10

I
[P | IS B

10 20 30 40 50 60 70 80 90 100
N[ TeV]

Figure 6.2: Excluded region by experimental results using data collected at cms energy of 189 GeV
for N,,, =1, 2, 3and 4 and p < 0. The areas above and to the left of the solid line are excluded for
M = 10° TeV The areas above and to the left of the lines are excluded with different M; M = 1(0° (solid
line), 250 TeV (dashed line), and 1.01 A (dotted line). The shaded regions are theoretically inaccessible
for M = 10° TeV (the inaccessible region is larger for smaller values of M.). The exclusions for y1 > 0
are somewhat stronger.
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Figure 6.3: Excluded regions at the 95 % C.L. in the My Versus mso plane for (a) tan 3 = 2 (slepton
co-NLSP case) and (b) tan 3 = 20 (stau NLSP case). Also shown are the regions exclusively excluded
by (A) X0X0 — 7GAG, (B) 7t7~ — 77CGr=G, (C) it i~ — ptGu~G and (D) Xx) — 4-lepton final
states. The other search channels do not contribute significantly to the exclusion regions in the MGM
model. The shaded regions are theoretically inaccessible.
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Chapter 7

Conclusion

In this thesis, the data sample corresponding to an integrated luminosity of 432 pb~! at /s = 192-209
GeV collected with the OPAL detector has been analyzed to search for charginos, neutralinos and
sleptons productions predicted by the Gauge-Mediated Supersymmetry Breaking (GMSB) scenarios.

The search consists of analyses designed to look for the following topologies;

(A) photons plus leptons with missing energy,
(B) photons plus jets with missing energy, and
(C) photons plus jets plus lepton with missing energy.

These topologies are special to the GMSB scenarios. To obtain good sensitivity, the analysis is di-
vided into some categories according to the mass difference between the NNLSP and the NLSP. The
numbers of observed events are in agreement with the expected numbers from the Standard Model
background in any analysis.

Atlast, an interpretation within the minimal GMSB (MGM) scenario with prompt decaying NLSP,
is given based on some LEP2 search results. Comparing experimental upper limits on the production
cross-sections with the theoretical production cross-sections, 95 % C.L. lower limits on the A can be
set. Finally, the lower limits on the NLSP masses are set at 95 % C.L.. These results are restricted to
data sample at 1/s=189 GeV with an integrated luminosity of 182 pb~!, and more strict constraints
can be set using all LEP2 search results at 1/s=192-209 GeV. The interpretation method, the analy-
sis and its results would be useful for the future collider experiments. I hope that we discover an
indication beyond the Standard Model in the near future.
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Appendix A

Particle Contents

A.1 Neutralinos and Charginos

There are four new neutral fermions in the MGM which not only receive mass but mix as well. There
are the gauge fermion partners of B and W* gauge bosons (B and W?), and the partners of the Higgs
(Hy and H). In the basis;

¢ = E,W‘g,—ﬁocosﬁ—kﬁosinﬂ,flosinﬁ+ﬁocosﬂ , (A1)
1 2 1 2

the mass matrix of the neutral gauginos is given by,

M1 0 mzo sin OW 0
0 M. —myo cos 6 0
0 _ 2 7 W
M" = (Mzo sinfy  —myo cos Oy usin23 1cos2 ) . (A.2)
0 0 ucos2p —usin2(

The physical mass eigenstates, the neutralino (x}), are defined by
Xi = N¢°,

where N is a unitary matrix, which diagonalizes MO,

The neutralino mass eigenvalues (m;g) can be computed by diagonalizing the mass matrix Eq.(A.2)

according to
_ 0
mggékl = Nem Nin M, -

There are two new charged fermionic states which are the partners of the W*gauge bosons and
the charged Higgs scalars, H + which are the charged gauginos, W and charged Higgsino, H +
or collectively charginos. The chargino mass matrix is composed similarly to the neutralino mass
matrix. The result for the mass term is

1 ~_ ~_ MQ \/imw sinﬂ W+
i) <\/§mwcosﬁ y Vo) o+ he (A3)
The result for the mass eigenstates of the two charginos is
1
mf?a,m%; =5 [MZZ 4+ +2m¥ £ \/(M22 + p? 4+ 2mi,)? — 4(uMy — mi,sin2(3)? (A4)

Within the MGM, gaugino masses can be give with good approximation by

myo sin? Oy (M + psin2)
p? — Mf ’

m~ = M — (A.5)

X1
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m¥, (Ma + psin23)

m;<'1+ = m;g - M2 — M2 _ M22 ) (A6)
2 .
B miy (u + Masin23)
e S B VA (A7)
me = pt m2o(1 + sin2B)(u — My cos? Oy — My sin® Oyy) (AS)
X3 2(p — My)(p — M) ’
me = m2o (1 — sin28) (u + My cos? Oy + Mo sin? Oyy) ' (A9)
X4 2(p + My)(p + Ma)
(A.10)

The lightest neutralino is mainly B-ino, ¥; and Y3 from a degenerate WW-ino weak triplet, and the
nearly higgsinos X3 and X3 , have masses roughly equal to .

A.2 Sleptons

The mass terms of squarks and sleptons are also modified after the electroweak symmetry breaking.
There are four different contributions. One is the supersymmetric piece coming from the [0W/0¢;|
terms in Eq.(1.18), with ¢; = Q,U, D, L, E. These terms add mff where m ¢ is the mass of the quarks
and leptons from their Yukawa couplings to the Higgs boson. Next one is combining from the
|OW/0¢;|? terms in Eq.(1.18) with ¢; = H,, or H, in the superpotential Eq.(1.32). Because of the u
term,

ow

—6H0 = —'qu—}—AZjQin, (All)

oW o o

g0 = —pH+X]Q;D; + N9 L;E; . (A.12)
d

Taking the absolute square of these two expressions pick the cross terms together with < HJ >=
veos 3/v/2, < HY >= vsin3/y/2 and we obtain mixing between Q and U, Q and D and L and E.
Similarly, the vacuum expectation values of the Higgs bosons in the trilinear couplings Eq.(1.36) also
generate similar mixing terms. Finally, the D-term potential after eliminating the auxiliary field D
Eq.(1.21) also give contributions to the scalar masses m2,(I3 — Q sin? Oy )cos23. Therefore, the mass
matrix of stop, for instance, is given as

még +m? + m%o(% — %sin29w)cos26 m¢( Ay — pcot 3) > <t:L >
tr /)’

my( Ay — pcot 3) m?Jg +m? + m%o(—§ sin? Oy )cos23

(. i) (

. . (A.13)

Here 7/, is the up component of Q3, and g = 7. For a down-type sfermion, the cot 3 in the off-
diagonal term is changed to tan 3. Also, the off-diagonal term is negligible for all but the third

generation sfermions.
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